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SUMMARY 


This  contractual  effort  studied  a  prioritized  list  of  psycho¬ 
physical  aspects  of  visual  simulation  systems  for  military  flight  train¬ 
ing  simulators.  The  available  literature,  operational  experiences  of 
simulator  commands  and  current  research  program  data  were  assembled, 
organized,  reviewed,  evaluated,  and  summarized  to  provide  psychophysical 
criteria  for  the  visual  displays  subsystem.  Through  this  process,  some 
areas  of  insufficient  data  were  identified,  and  a  selection  of  those 
that  were  amenable  to  psychophysical  investigation  was  recommended,  with 
suggested  experimental  designs. 

The  priori tization  of  41  system  characteristics  as  to  their  rela¬ 
tive  importance  was  a  product  of  rank  ordering  and  applying  weights 
assigned  to  five  evaluation  factors.  The  factors  were  false  cues,  inter¬ 
action  of  characteristics,  current  prevalence,  realism  deficiency,  and 
cost  of  correction.  The  following  characteri sties  are  those  discussed 
in  detail  within  this  report. 


ALIASING 

Defined 


In  its  restricted  sense,  aliasing  refers  to  the  presence  of  harmo¬ 
nics  in  the  signal  leading  to  an  unintended  distortion  in  the  informa¬ 
tion  displayed  on  the  cathode-ray  tube  (CRT).  The  more  current  usage  of 
the  term  aliasing  refers  to  a  number  of  visual  anomalies,  e.g.,  shear¬ 
ing,  racing,  edge  walking,  angular  velocity  dependent  resolution. 

Potential  Effects 


The  possible  effects  of  aliasing  include  the  following:  (a)  imposes 
smoothing  requirements  that  reduce  display  resolution,  (b)  allows  inci¬ 
dental  learned  effects  that  are  not  useful  in  real  flight,  (c)  provides 
distractions  that  use  up  available  time  thereby  adding  to  the  pilot's 
work  load,  (d)  imposes  changes  of  visual  search  patterns,  and  (e)  decrea¬ 
ses  pilot  acceptance  of  visual  simulation. 

Method  of  Minimization 


The  general  solution  is  to  minimize  effect  by  "smoothing"  of  edge 
gradient  by  software  routines,  using  60  Hz  update  and  refresh  rates, 
and  using  lower  contrasts  in  the  scene.  One  promising  anti-aliasing 
technique  that  is  a  feasible  alternative  to  pre-filtering  is  to  over¬ 
sample  the  data,  apply  a  digital  low-pass  filter,  and  then  down-sample 
the  data  to  the  resolution  of  the  display. 
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MAGNIFICATION 

Oefined 


Three  types  of  magnification  are  related  to  perceptual  effects  in  a 
visual  simulation  system.  These  are  (a)  uniform  magnification  within  the 
optical  system  with  image  size  which  subtends  the  correct  visual  angle 
for  the  object  size  and  distance  portrayed,  (b)  uniform  magnification  of 
a  scene  to  an  image  size  (visual  angle  subtense)  larger  than  that  dicta¬ 
ted  by  the  size-distance  relationship,  (c)  non-uniform  magnification,  in 
which  objects  in  some  areas  of  a  display  are  magnified  more  than  objects 
in  other  areas. 

Potential  Effects 


For  type  (b),  the  danger  is  in  a  "flattening11  effect  produced  by 
the  differential  ratio  of  magnification  of  near  and  far  objects,  causing 
misperception  of  distance  and  approach  angle  relative  to  the  terrain 
surface.  Type  (c),  uneven  magnification  will  produce  distortions,  and 
uneven  relative  magnification  of  the  images  presented  to  each  eye  will 
impose  general  discomfort,  eye  strain,  and  changes  in  flight  perfor¬ 
mance. 

Limits  and  Recommendations 


The  runway  plane  distortion  is  perhaps  the  most  serious  case  result¬ 
ing  from  optical  magnification.  No  definitive  data  were  found  to  estab¬ 
lish  detection  thresholds;  therefore,  this  is  one  area  where  a  psycho¬ 
physical  study  was  recommended.  Differential  size  magnification  between 
the  images  presented  to  each  eye  should  not  exceed  1.0%,  to  avoid  dis¬ 
comfort  and  possible  lower  flight  performance. 


SCENE  OVERLAYS  AND  INSERTS 
Defined 


Scene  overlays  are  used  in  simulators  such  as  those  employed  for 
combat  training  where  another  aircraft  must  be  presented  against  a 
"fixed"  background  of  earth  and  sky.  Scene  inserts  differ  in  that  they 
replace  a  portion  of  the  background  scene  rather  than  being  superposed 
on  it.  Since  the  overlay  technique  has  a  very  restricted  application 
and  has  obvious  drawbacks  (one  image  projected  over  another  projected 
image)  the  discussion  in  this  section  concentrates  on  computer  generated 
imagery  (CGI).  The  discussion  includes  methods  of  slaving  the  insert 
to  head  or  eye  position,  horizontal  versus  vertical  resolution,  orienta¬ 
tion  of  raster  lines,  raster  line  density,  and  effects  of  vibration. 

Potential  Effects 


Scene  overlays  which  may  be  identified  by  any  display  characteris¬ 
tic  other  than  the  presence  of  the  target  reduces  the  "search  time"  in 
target  acquisition.  Acquisition  times  are  generally  much  longer  than 
"recognition  times."  To  properly  simulate  air-to-air  cr  a i r- to  cj'-ound 
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target  acquisition,  recognition  and  weapon  delivery  require  high  resolu¬ 
tion  scenes,  wide  fields  of  view,  and  if  inserts  are  used,  non-recogn- 
izable  inserts  or  multiple  "placebo-inserts." 

Required  Information 

The  just-not-noticeable  thresholds  for  edge  matches,  raster  align¬ 
ments,  image  rotations,  contrast  differences  in  CGI  scenes,  or  velocity 
variations  need  to  be  established. 


BINOCULAR  DEVIATIONS  AND  IMAGE  SIZE  DIFFERENCES 
Defined 


Binocular  deviations  and  image  size  differences  (aniseikonia) 
encompass  a  variety  of  visual  display  problems  in  which  the  images  to 
the  two  eyes  differ.  These  disparities  are  categorized  as  horizontal/ 
vertical,  magnification,  and  distortion/astigmatism. 

Potential  Effects 


A  large  quantity  of  data  has  been  obtained  from  a  number  of  sources 
and  includes  recommended  tolerance  limits  for  lateral  and  vertical 
misalignment  of  binocular  images.  Recent  studies  show  the  effects  of 
differential  distortion  of  right  and  left  eye  images  on  pilot  perfor¬ 
mance  in  the  approach  and  landing  maneuver.  A  combination  of  vertical 
and  lateral  displacements  is  treated  in  the  discussion  of  binocular 
image  rotation.  The  topic  of  unequal  magnification  (aniseikonia),  which 
has  been  the  subject  of  much  research,  is  discussed  not  only  in  psycho¬ 
physical  and  clinical  terms  but  reference  is  also  made  to  direct  effects 
on  performance  in  flying  simulators.  Optical  effects  such  as  collima- 
tion  error  and  astigmatism  are  discussed  from  the  standpoint  of  geometri¬ 
cal  optics  and  in  terms  of  their  perceptual  effects. 

Suggested  Tolerances: 

Horizontal  and  Vertical  Disparities 

Average  8inocular  Deviation  <9  arc  minutes 

Localized  Lateral  Disparities  from  <6  arc  seconds  to 
<100  arc  minutes  depending  on  scene  and  task. 

Localized  Vertical  Disparities  <.15  arc  minutes 

Vertical  Displacements  of  R  and  L  Images  <7.5  arc  minutes 

Rotational  Tolerances  with  20°  field  of  view  or  larger, 
comfort  and  minimal  effect  upon  approach  angle  estimates 
< 1 °  (should  be  studied) . 


Image  Size  Di  f-cerence^  (.- -a  .seikonia)  <1%. 


Binocular  Image  Distortion  and  Astigmatism.  There  is  need  for 
experimentally  determining  thresholds  for  this  area  with 
CGI  imagery. 


LATERAL  VERGENCE/COLLIMATIQN/ IMAGE  DISTANCE  ERROR 
Defined 


Vertical  and  lateral  vergences  are  defined  and  discussed.  The 
confusion  between  display  divergence  and  convergence,  being  opposite 
visual  divergence  and  convergence,  is  treated.  The  rough  equivalence  of 
tolerance  limits  for  vertical  and  lateral  divergence  is  contrasted  with 
the  larger  tolerance  for  lateral  convergence.  This  is  related  to  dis¬ 
play  collimation  error  limits.  The  collimation  error  assessments  of  two 
infinity  displays  of  widely  different  fields  of  view  are  presented. 

Potential  Effects 


Vertical  Vergence 

Within  Panum's  areas,  and  with  the  standard  deviation  of  repeated 
settings  of  vertical  alignment  by  trained  observers  of  <  7  arc  minutes 
of  vertical  separation,  misalignment  less  than  this  would  be  associated 
with  no  discomfort  and  good  visual  performance.  At  >34  arc  minutes, 
discomfort  occurs  and  doubling  of  Images  is  frequently  reported. 

Lateral  Vergence 

Should  be  less  than  26  arc  minute  range  for  no  discomfort  and  good 
visual  performance. 

Chromatic  Aberration 


Chromatic  aberration  (as  imposed  by  the  optical  aspects  of  display 
systems)  resulting  in  color  fringing  is  discussed.  Lack  of  convergence 
of  the  red,  green,  and  blue  electron  beams  in  color  CRTs,  although 
similar  in  appearance  and  effect,  is  shown  to  have  generally  much  larger 
magnitude  of  error.  The  effect  of  either  source  of  color  fringes  de¬ 
creases  system  resolution  and  legibility. 

Holes  in  the  Data  Base 


Seven  areas  were  designated  wherein  the  data  were  inadequate  or 
incomplete  and  in  which  good  quantification  should  be  expected  from 
psychophysical  experiments.  The  specific  functional  relationships 
needinq  quantification  were  the  following: 

1.  The  effect  of  Horizontal  Aniseikonia  on  Target  Detection  and 
Motion  Recognition 

2.  The  effect  of  Aliasing  on  Visual  Search 

3.  The  Effect  of  Optical  Magni fi caticn  on  Perception  of  Runway  Plan 


4.  The  Effects  of  Accommodation/Convergence  Errors  Interacting  With 
Quality  of  Displayed  Images 

5.  The  Masking  of  Scene  Inserts  as  a  Function  of  Insert  Area  and 
Transition  Technique 

6.  The  Effects  of  Scene  Complexity  and  Separation  on  the  Detection 
of  Scene  Misalignment 

7.  Absolute  Brightness  Levels  in  Simulators 
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INTRODUCTION 


Visual  systems  for  flight  simulators  have  become  a  major  ocrf'on  of 
the  large  simulator  budget  of  the  United  States  Air  Force  (USAF), 
especially  as  computer-generated  image  (C3I)  systems  nave  demonstrated 
their  feasibility  and  flexibility.  The  USAF  is  currently  engaged  in 
procurement  of  a  number  of  such  systems  for  flignt  simulators,  almost 
all  of  which  will  have  an  out-of-the-window  scene  wnicn  may  be  designed 
for  specific  training  tasks,  such  as  the  terrain- foil  owing  training 
needed  for  the  A- 10  or  the  high-altitude  air-to-air  combat  training  *or 
the  F-15.  The  more  accurately  the  effects  of,  various  design  concepts 
are  predicted,  the  more  cost-effective  the  procurement  cycle  will  become. 

These  and  other  visual  systems  should  have  design  features  that  are 
based  on  requirements  of  the  human  visual  system.  This  modality  oro- 
vides  users  with  most  of  their  sensory  input,  wit.n  the  peripheral 
retina  answering  the  “where"  question  and  the  central,  fovea!  area  the 
“what"  of  pattern  vision.  The  visual  displays  normally  provide  the 
pilots  with  the  type  of  information  they  conventionally  use  in  perform¬ 
ing  flight  maneuvers,  in  sensing  unexpected  deviations  from  the  flight 
path  and  to  warn  of  intrusions  by  friend  or  foe.  However,  today's 
technology  still  has  its  limits  and  cannot  duplicate  the  real  world  in 
this  external  scene,  but  this  is  not  necessary  for  most  training  our- 
poses.  Seme  studies  seem  to  imply  that  including  only  the  needed  in¬ 
formation  in  a  purposively  simplified  image  may  provide  improved  per¬ 
formance  and  transfer  of  training  [Ritchie,  1976;  Roscoe,  1977). 

The  visual  perception  literature  can  provide  much  of  the  informa¬ 
tion  for  some  aspects  of  the  display  system  design.  However,  out-of- 
the-window  scenes  with  their  requirements  for  large  fields  of  view, 
special  optics,  real-time  dynamics,  complete  feedback,  and  special 
effects  impose  trades  and  restraints  not  found  in  the  classical  litera¬ 
ture.  The  task  of  this  program  then  was  to  define  the  display  design 
characteristics  which  may  affect  perceptual  or  physiological  responses, 
to  establish  the  relative  importance  of  the  corresponding  visual  and 
physiological  effects,  to  understand  their  relationship  with  the  physi¬ 
cal  continua  of  the  displays,  to  determine  those  areas  for  which  in¬ 
sufficient  definitive  data  are  available,  and  to  develop  experimental 
designs  for  possible  Phase  II  investigations  in  these  areas.  The  follow¬ 
ing  discussion  shows  the  diversity  and  magnitude  of  some  of  the  problems 
that  have  been  encountered  in  some  methods  of  generating  dynamic  exter¬ 
nal  scenes. 

One  of  the  earliest  visual  simulation  systems  used  motion  picture 
films  as  an  image  source  and  anamorphic  lenses  in  the  display  to  simu¬ 
late  visual  scene  dynamics  needed  in  approach  and  landing  training.  ~'"e 
visual  display  features  that  were  inadequately  handled  by  this  system 
included  a  limited  visual  envelope,  such  that  tne  pilot  could  not  r'v 
patterns  without  creating  gross  distortions  or  complete  break-up  of  the 
scene.  The  anamorphic  lenses  distorted  the  picture  to  depict  off-t-acx 
flight,  and  tall  ouildings  in  tne  scene  appeared  to  lie  flat  on  tne 
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terrain  when  the  simulated  aircraft  was  off  the  flightpath  and  to  stand 
up  when  the  aircraft  was  on  the  same  path  as  in  original  filming.  Thus, 
the  apparent  distortions  could  be  used  as  an  aid  to  navigation,  a  cue 
that  does  not  exist  in  the  real  world.  In  addition,  scratches,  as  seen 
in  the  display,  provided  a  "vertical"  reference  and  their  thickness  an 
"off-track"  reference.  Absolute  luminance  level,  or  brightness,  was 
quite  low  in  this  system  due  to  the  22  lens  elements  involved  in  cre¬ 
ating  the  dynamic  distortion. 

Closed  circuit  television  (CCTV)  systems  that  move  across  a  fixed 
model  of  terrain  can  be  displayed  through  a  number  of  systems.  In  one, 
a  "flat  screen"  display,  a  light  valve  system  projects  the  moving  scene 
on  a  tilted  screen  about  12  feet  (3.66m)  from  the  pilot's  eye  reference 
point.  This  means  that  the  corresponding  visual  accommodative  distance 
(visual  focus)  is  also  at  12  feet,  requiring  0.27  diopter  of  accommoda¬ 
tion.  The  incompatibility  between  the  visual  focus  at  12  feet  and  the 
scene,  most  of  which  is  normally  at  a  far  distance  (infinity  focus),,  may 
cause  errors  in  the  pilot's  perception  of  the  size,  distance  to,  or 
perspective  of  objects  in  the  scene.  Another  current  display  is  a  vir¬ 
tual  image  system  where  the  projected  image  is  displayed  on  a  trans¬ 
lucent  screen  and  viewed  from  the  back  side  in  a  large  collimating 
mirror.  This  system  provides  a  very  large  exit  pupil  (or  viewing  vol¬ 
ume),  the  design  of  which  usually  does  not  permit  as  high  a  display 
resolution  overall  as  the  narrower  exit-pupil  systems.  The  light-valve 
projector  and  translucent  screen  are  other  sources  of  resolution  loss. 
Yet  another  type  of  display  uses  a  beam-splitter  and  spherical  mirror, 
and  this  display  adds  a  bit  of  magnification  and  a  small  amount  of 
distortion,  but  only  a  little  attenuation  of  resolution  to  that  of  the 
generating  system.  Visual  accommodation  is  generally  maximum  at  0.1 
diopter  as  most  of  these  systems  are  designed  to  be  collimated  at  or 
beyond  10  meters. 

Inappropriate  accommodation  distances  and  resolution  limits  are 
even  more  serious  in  cathode-ray  tube  (CRT)  displays  that  have  been  used 
at  windscreen  distance  in  some  moving-belt  displays.  Twenty-inch-wide 
CRTs  viewed  at  28  inches  provide  a  36-degree  horizontal  field  of  view, 
potentially  5.0+  arc  minutes  of  line-pair  resolution,  and  visual  accom¬ 
modation  of  1.4  diopters.  Magnification  of  the  scene  by  the  optical 
elements  of  a  display  that  employs  line  scan  excitation  of  a  phosphor  as 
an  image  source  generally  is  provided  at  the  expense  of  resolution. 

Some  beam-splitter  and  mirror  displays  use  a  1:1  ratio  displayed  scene 
size  to  real-world  size,  some  a  1. 2:1.0  ratio.  In  one  system  with  a  25- 
inch  (diagonal)  CRT,  the  relationship  provides  a  40-degree  display 
field,  while  in  another  system,  the  1. 2:1.0  ratio  is  used  with  a  48 
degree  display  field.  With  the  image  generator  producing  an  element 
length  of  .023  inch,  the  1:1  system  viewed  from  28  ’’nches  would  result 
in  a  visual  angle  resolution  for  the  smallest  element  of  2.82  arc  min¬ 
utes  and  the  1.2:1  system  would  provide  3.39  arc  minutes  resolution. 

The  design  for  the  Advanced  Simulator  for  Pilot  Training  (ASPT), 
Flying  Training  Division  of  the  Air  Force  Human  Resources  Laboratory 
at  Williams  AFB ,  opted  for  a  wide  field  of  view,  158  degrees  verti¬ 
cally  and  300  degrees  horizontally,  requiring  seven  pentagon-shaped 
optical  windows  to  achieve  some  magnification.  To  keep  the  resolution 
within  a  reasonable  range,  a  1000-line  raster  display  was  a  necessary 

2 


•**•'*  3C 


Dart  of  that  design.  The  wide  field  of  view  nay  oe  an  important  des;gn 
variable,  with  experimental  results  indicating  that  field  of  view  is 
linearly  and  negatively  correlated  with  bombing  error  if  both  variables 
are  olotted  as  log  functions  (Cyrus,  1973'.  It  is  not  known  wnether 
such  a  relationship  would  have  been  found  ’f  a  525-line  system  "ad  .ee.n 
used  to  reduce  cost. 

The  resolution  of  the  current  visual  scene  generators  and  their 
display  devices  in  terms  of  line  pairs  falls  between  5  arc  minutes  and 
19+  arc  minutes  on  the  retina  of  the  eye.  These  resolutions  are,  as 
yet,  far  from  matching  the  visual  acuity  of  the  average  pilot,  which 
must  at  least  meet  tne  clinical  norm  of  1  arc  minute  (29/20  Snellen), 
nor  do  they  reac.n  the  average  acuity  performance  of  pilots  as  measured 
experimental ly.  For  one  sample  using  Landolt  "Cs,  '  the  average  acuity 
was  40  arc  seconds  (Kraft,  Booth,  S  Boucek,  1972)  and  with  another 
sample,  the  performance  of  24  pilots  (13  civilian  and  six  USAF),  on 
optometric  examinations  with  Snellen  letters,  51.7  arc  seconds  was  the 
average  (Kraft,  Farrell,  Soucek,  Anderson,  &  Holland,  1973).  It  is  not 
yet  known  which  of  the  flying  tasks,  other  than  ai r-to-ground  target 
acquisition,  require  scan-line  spatial  frequencies  approximating  the 
resolution  capability  of  the  eye.  On  the  other  hand,  some  scene  gen¬ 
erators  and  displays  are  of  such  low  resolution  that  cities  cannot  be 
differentiated  from  countryside.  However,  at  least  some  effective  and 
efficient  flight  training  is  being  accomplished  with  these  scenes,  "he 
relevant  question  is  whether  the  scene  itself  has  adequate  training 
value.  It  may  be  that  a  very  good  syllabus  with  excellent  instructors 
is  contributing  most  of  the  training  that  transfers  to  the  aircraft. 
Before  conducting  training  effectiveness  studies  of  these  factors, 
however,  it  is  appropriate  to  establish  the  perceptual  and  physiological 
relationships  involved. 

As  a  class,  CC TV  and  fixed-model,  image-generation  systems  have  a 
difficult  display  problem.  The  probe  must  come  very  close  to  the  model 
and  sample  the  image  along  the  length  of  the  model.  This  imposes  a  need 
for  a  very  small  aperture  to  gain  as  much  depth  of  field  as  possible. 

The  visual  requirement  is  very  severe  because,  in  vision  from  the  air¬ 
craft  with  clear  atmospheric  conditions,  almost  all  items  within  hun¬ 
dreds  of  miles  are  in  sharp  focus.  In  the  CCTV/fixed  model  system,  the 
depth-of-field  limitation  is  such  that  all  of  a  10,000  foot  long  runway 
cannot  be  in  focus  at  one  time.  One  solution  to  this  problem  is  the 
addition  of  a  software  management  scheme  to  shift  the  hyperfocal  dis¬ 
tance  to  different  portions  of  the  runway  as  the  final  approach,  flare, 
and  touchdown  onases  of  landing  are  completed.  The  Scheimpflug  modi¬ 
fication  was  sesigned  and  developed  as  an  ootical  solution  to  this 
problem.  The  short  depth  of  field  with  the  Scheimpflug  modification  is 
vertical  instead  of  horizontal.  This  can  provide  for  a  complete  runway 
in  focus,  but  the  transition  of  the  landing  aircraft  into  this  clear 
image  zone  provides  a  visible  cue  as  to  altitude,  a  cue  only  present  in 
the  simulator. 

Some  less  well  known  aspects  of  visual  displays  may  be  of  similar 
or  greater  importance  for  training.  Interocular  deferences,  "or  ex¬ 
ample,  may  be  a  source  of  distortion  that  affects  pnysiological  comfort 
and  psychophysical  performance.  This  effort  attempted  to  treat  both  the 


familiar  and  lesser  known  aspects  of  displays  in  terms  of  fneir  estab- 
lisned  influence  on  the  visual  performance  of  cockpit  crews.  tne 
reiationshios  between  display  c.naracterisrics  and  oerformance  are  not 
quantitatively  established,  there  was  an  attempt  to  identify  these  areas 
and  suggest  methods  (experimental  designs)  for  acquiring  tne  critical 
data . 


VISUAL  SIMULATION  CONCEPTS  STUDY 


RATIONALE  FOR  SELECTION  OF  VI^JAL  SIMULATION  SYSTEM  CHARACTERISTICS 

The  primary  purposes  of  the  Visual  Simulation  Concepts  Study  were: 
(a)  to  establish  those  visual  simulation  characteristics  which  could 
significantly  affect  the  perception  of  the  displayed  scene  by  the  cock¬ 
pit  crew  or  induce  physiological  react-, ons  sucn  as  fatigue,  kinetosis, 
stress  or  strain  and  (b)  to  rank  order  the  characteristics  as  to  their 
relative  importance  for  subsequent  study  by  the  contractor.  The  pro¬ 
cedure  followed  included  first  the  development  of  the  rationale  for  the 
selection  of  characteristics,  based  upon  ground  rules  provided  by  tne 
Statement  of  Work  (SOW)  for  this  contract: 

A.  The  areas  of  particular  interest  included: 

1.  Simulation  system  characteristics  wh-ch  degrade  the 
realism  of  the  displayed  imagery  and  impart  cues  of 
"simulation"  rather  than  "reality"  to  the  crew. 

2.  Characteristics  which  provide  artificial  or  false 
visual  cues,  which  are  used  to  accomplish  a  specific 
task  in  the  simulator,  but  which  are  not  available  in 
the  real  world. 

3.  Characteristics  which  may  produce  physiological ,  or 
visuo-physiological  reactions  such  as  fatigue,  eye 
strain,  or  motion  sickness. 

B.  Areas  not  to  be  addressed  'in  tnis  effort  included  scene 
content  requirements,  stereoscopic  systems,  and  the  ef¬ 
fects  of  the  characteristics  on  simulator  training  effec¬ 
tiveness. 

In  addition  to  these  general  requi rements ,  the  SOW  also  listed  a 
minimum  set  of  characteristics  to  be  considered,  such  as  collimation 
errors,  distortion,  and  image  sharpness.  The  initial  attempt  to  develop 
a  comprehensive  list  of  characteristics,  however,  immediately  demon¬ 
strated  the  need  for  additional  rationale  or  ground  rules  for  the 
derivation  of  the  list.  Since  many  of  the  "types"  of  characteristics 
listed  in  the  SOW  could  be  broken  out  into  a  number  of  more  discrete 
factors,  and  these  in  turn  into  even  finer  elements,  it  was  necessary  to 
establish  a  groi  *d  rule  for  the  consistent  derivation  of  "character¬ 
istics."  It  was  recognized  that  various  sub-factors,  or  even  elements, 
might  differ  signi f icantly  in  their  contribution  to  a  given  perceptual 
effect  and  therefore  perhaps  should  be  treated  individually. 

On  tne  other  hand,  it  was  also  recognized  that  the  utility  cf  this 
overall  e*cort  would  be  enhanced  if  the  charac re1":' st':cs  were  meaningful 
to  benavicral  scientists,  pilots,  managers,  etc.,  as  well  as  *c  elec¬ 
tronic  and  optical  engineers.  ror  example,  while  beam  -'rtens-tv  and 
diameter,  point  spread  function,  voltage,  pnosonc-  trancoeristics. 


halation,  anc  bandwidth  are  terns  an  electronics  engineer  would  be 
comfortable  with,  a  diverse  user  group  might  stay  "tuned  in"  only  if  the 
next  level,  more  generic  term  "spot  size"  were  used. 

Finally,  it  was  desirable  that  the  characteristics  be  easily  and 
adequately  related  to  perceptual  effects,  and  integrated  into  the  other 
contractual  tasks  such  as  the  analysis  of  literature  data  and  the 
development  of  experimental  designs.  Thus,  the  terminology  (level  of 
definition)  used  was  consistent  with  that  most  frequently  found  in 
available  experimental  reports  concerning  the  relationship  among,  for 
example,  soot  size,  visual  acuity  and  legibility.  In  following  this 
ground  rule  for  the  selection  of  levels  of  definition  for  the  visual 
simulation  system  characteristics,  two  levels  of  description  were  used: 
one  being  a  general  category  descriptor  and  the  other  consisting  of 
component  sub-factors. 

Another  ground  rule  involved  the  origin  of  the  characteristic  under 
consideration.  A  particular  distortion,  for  example,  might  originate  in 
the  image  generation  equipment  or  material.  However,  this  distortion 
might  be  increased  or  eliminated  by  the  design  of  the  image  transmission 
eauionent  and  therefore  be  considerably  modulated  at  the  image  display 
surface.  Relating  perceptual  effects  to  the  original  distortion  would 
thus  involve  consideration  of  a  potentially  complex  interaction  with 
other  system  elements.  To  avoid  such  difficulties,  and  yet  recognizing 
that  they  will  still  exist  for  the  system  designer,  it  was  decided  to 
consider  the  characteristics  as  existing  at  the  image  display  surface. 
Thus,  displayed  image  resolution  would  be  a  valid  "charactei  istic," 
while  image  generator  resolution  would  not. 

Appendix  A  contains  a  list  of  visual  simulation  system  character¬ 
istics  which  were  determined  to  have  potential  for  significant  oerceptua' 
or  visuo-physiological  effects  in  current  simulation  system  designs. 

Also  provided  in  this  appendix  is  a  preliminary  list  of  the  types  of 
perceptual  effects  associated  with  each  characteristic.  While  the 
attempt  was  made  to  derive  as  complete  a  list  of  characteristics  as 
possible,  it  is  not  claimed  to  be  exhaustive. 


RANKING  OF  DISPLAY  CHARACTERISTICS 
Rationale 


The  purpose  in  ranking  the  list  of  visual  simulation  character¬ 
istics  was  to  establisn  their  relative  importance  for  further  study.  It 
was  recognized  that  all  of  the  characteristics  could  not  be  comprehen¬ 
sively  treated  within  a  contractual  effort  of  this  size,  and  that  it  was 
probably  not  desirable  to  treat  each  characteristic  equally.  This 
dictated  that  the  relative  importance  of  the  characteristics  be  de¬ 
termined,  and  the  contractor  selected  the  method  of  oseudo-ordi nal 
ranking  based  upon  the  scoring  of  each  characteristic  agains*  a  weigntea 
set  of  "importance"  criteria  as  evaluation  factors. 


'he  selection  of  evaluation  factors  or  criteria  to  use  in  ranking 
the  characteristics  was  not  an  easy  task.  Since  these  factors,  by  tneir 
nature  and  function,  largely  influence  the  order  of  '•anked  characte'-- 
istics,  they  were  "flagships"  for  the  direction  t.ne  contractual  ef*ort 
would  follow  for  the  remainder  of  the  study  effort. 

This  contract  was  not  designed  to  consider  questions  of  transfer  of 
training  from  simulator  to  Hignt  oerformance  as  it  is  affected  oy  false 
visual  cues  or  lack  of  realism  or  by  fatigue,  stress,  strain,  etc. 
However,  it  was  recognized  that  such  questions  are  ultimately  the  most 
important  ones  to  answer  in  establishing  design  criteria  and  specifi¬ 
cations  for  visual  simulation  systems.  In  the  meantime,  it  is  'moc^tant 
to  determine  the  relationsnio  between  false  visual  cues,  lac<  of  rea'is~, 
etc.  'perceptual  effects'  anc  the  characteristics  in  one  system  whicr 
cause  these  effects.  The  evaluation  factors  for  ranking  tnese  character¬ 
istics  did  provide,  however,  a  mechanism  for  relating  the  importance 
the  characteristics  and  their  associated  perceptual  effects  to  their 
impact  on  training,  flight  performance,  fatigue,  equioment  design,  etc. 

The  evaluation  factors  themselves  were  ranked  as  to  their  re’af'v*5 
emphasis  or  weight  in  tne  evaluation  of  eacn  characteristic,  'he  we' yes 
of  6  to  10  were  selected  rather  than  1  to  5,  0  to  A, or  any  of  the  atne*- 
alternatives  in  order  to  provide  some  differentiation  of  relative 
importance,  but  at  the  same  time,  to  keep  the  difference  between  the 
lowest  and  highest  weignts  to  less  than  twice  the  lowest  weight,  sin-, 
it  was  felt  that  the  highest  weighted  factor  was  probably  not  more  tna-. 
twice  as  important  t.nan  the  lowest  weighted  factor.  The  following  f-’v3 
evaluation  factors,  along  with  their  weights,  were  developed  by  the 
contractor'  with  gu_ Gance  by  the  Air  Force  Human  Resources  Laboratory 
(AFHRL)  project  engineer: 

1 .  FALSE  CUES 

(Wt  =  1C)  -  The  cotsntial  cf  the  characteri : tic  to  oroduce  -‘a's 
visual  cues  which  nay  (a)  have  negative  transfer  of  training 
effects,  (b)  interfere  with,  or  increase  the  cost  of,  simulator 
training,  or  (c)  affect  -light  safety. 

2 .  INTERACTION  OF  CHARACTERISTICS 

(Wt  =  9)  -  The  potential  for  interaction  of  the  characterise: : 
with  other  visual  or  system  -actors  to  produce  eye  stress, 
strain,  or  .atigue;  visuo-ohys'ological  reactions:  or  general 
image  degradation. 

3.  CURRENT  PREVALENCE 

' Wt  =  8)  -  The  prevalence  of  the  char-acterist'C  r,  c urgent 
visual  simulation  systems. 


A.  REAL  I SM  DEFICIENCY 

(Wt  =  7)  -  The  extent  to  which  the  characteristic  degrades  tie 
realism  of  tne  displayed  visual  scene,  independent  of  the  ef~ec 
upon  training. 

5.  CORRECTION  COST 

(wt  =  5}  -  The  potential  impact  of  the  characterist'c,  if  ;  ts 
effect  is  to  be  eliminated  or  minimized,  uDcn  the  design,  con¬ 
struction,  ooeration,  and  maintenance  costs  of  the  visual  simu¬ 
lation  system. 

Matrix  of  Characteristic  Rankings 

Each  characteristic  was  scorea  on  a  scale  of  1  to  5  against  eacn  ti¬ 
the  five  evaluation  factors.  This  score  was  then  multiplied  Py  tne 
weight  of  the  evaluation  factor  to  derive  a  "weignted  score."  -ir.ally, 
the  weighted  scores  on  all  evaluation  factors  for  a  particular  c.naracter- 
istic  were  added  together  for  a  ‘‘total  score.  '  These  total  scores  were 
then  used  to  rank  the  characteristics  as  to  their  relative  importance 
for  subsequent  study. 

Appendix  6  presents  the  matrix  of  characteristics  by  evaluation 
factors  with  both  initial  and  weighted  scores  as  well  as  total  scopes. 
Also  indicated  is  a  category  mean  score  ("AVE"),  which  is  the  average  of 
the  total  scores  in  a  particular  category.  Table  I  lists  the  character¬ 
istics  in  order  of  tneir  resulting  total  scores. 


REVIEW  OF  VISUAL  SIMULATION  CONCEPTS  STUDY 

The  results  of  the  Visual  Simulation  Concepts  Study  were  docume-' 'e  “ 
in  a  Detailed  Research  5,an  and  submitted  to  the  Air  Force  for  rev  -v 
and  approval.  Ac  a  result  of  this  review,  some  revisions  in  the  “value 
tion  scheme  and  consolidation  of  some  of  the  characteristics  in  the 
rank  ordered  list  were  made.  The  primary  revisions  involved  exc'anc'nc 
weightings  between  two  of  the  evaluation  factors  and  the  establishment 
of  the  weighting  va’ues  of  5  to  10.  These  changes  were  acccnmoc.; ted  in 
the  descr’Pticn  o’-'  : re  evaluation  factors  oresented  earlier. 

In  several  'nstances  it  acoeared  that  two  or  more  ic*  /iual  visual 
system  onaracter’  sties  00..I0  oe  groused  together  without  jeopardizing 
their  uniqueness ,  out  at  tne  same  time  producing  a  more  comprehensive 
analysis  and  carpi  la  tiers  of  data.  Therefore,  in  consideration  of  tne 
interacti  ve  nature  seme  0*  these  characteristics ,  several  consolidat'd 
were  made  ;n  de>-iv  05  a  most  important”  list  of  cnaracceristics  ror  sub¬ 
sequent  study,  -rerg  those  so  combi ned  were  ’binocular  deviation-'  with 
'binocular  image  size  differences’  and  with  " divergence,”  "visual  system 
lags"  with  'update  -'ate.'  and  "lateral  vergence  with  "cell  "’ation. --'age 
distance  error  '  and  w- t.n  'image  distance  var*a: .  i  it;. 

"he  review,  and  sufcsecuent  revisions,  -e 
visual  simulation  system,  cnaracteristics  on-  red 
tance  -’or  subsequent  study: 
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Table  1  . 


Rank  Order  of  Visual  Simulation 
System  Character! sti cs 


Rank 

Tota 

Order 

Visual  System  Characteristics 

Scon 

1 

A1 iasing 

146 

2 

Scene  Overlays  and  Inserts 

138 

3 

Field  of  View 

138 

4 

Temporal  Intensity  Fluctuations 

133 

5 

Binocular  Deviation 

137 

5 

Visual  System  Lag 

137 

7 

Magnification 

136 

3 

Scene  Mi  sal ignment 

T  36 

9 

Uodate  Rate 

134 

10 

Hue  Range  (Wavelength  Distribution) 

134 

n 

Active  Lines  per  Visual  Angle 

134 

12 

Picture  Elements 

134 

13 

Exit  Pupil 

133 

14 

Type  of  Scan  or  Formatting 

132 

15 

Color  Saturation  and  Contrast 

132 

16 

Color  Di fferences 

130 

17 

Luminosity  Function 

129 

18 

Image  Distance  and  Variability 

128 

19 

Reflections,  Glare,  Ghosting,  Etc. 

128 

20 

Gaps  in  FOV 

127 

21 

Luminance  Range 

126 

22 

Geometric  Perspective 

125 

23 

Lateral  Vergence 

124 

24 

Eye  Relief  Envelope 

123 

25 

Displayed  Depth  of  Field 

119 

26 

Luminance  Differences 

119 

27 

Temporal  Changes  in  Color  Balance 

118 

28 

Di pvergence 

116 

29 

Frame  Rate 

no 

30 

Coll imation/Image  Distance  Error 

no 

31 

Contrast 

108 

32 

Binocular  Image  Size  Differences 

ICO 

33 

Color  Registration 

92 

34 

Quanti zation 

87 

35 

Spot  Size/Shape/Spread 

86 

36 

Uneven  Line  Resolution 

86 

37 

Luminance  Variation 

84 

38 

Phosphor  Decay  Time 

80 

39 

Color  Fringes 

80 

40 

Color  Variation  Within  Display 

76 

41 

Vi  brat ion 

75 
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A1  i  as i ng 

Magni fi cation 

Scene  Overlays  and  Inserts 

Binocular  Deviation/Binocular  Image  Size 
Di fferences/Di pvergence 

Visual  System  Lag/Update  Rate 

Color  Differences 

Scene  Misalignment 

Temporal  Intensity  Fluctuations 

Lateral  Vergence/Image  Distance  and  Variability/ 

Col  1 imation/Image  Distance  Error 

This  list  formed  the  basis  for  the  literature  search  and  data 
evaluation  tasks.  The  results  of  these  tasks,  in  turn,  led  to  tne 
develoDment  of  experimental  designs  for  those  system  characteri sti 
for  which  data  were  found  to  be  inadequate  or  insufficient  to  use 
a  basis  for  recommending  definitive  visual  simulation  system  design 
cri teria . 
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LITERATURE  SEARCH  AND  EVALUATION 


LITERATURE  SEARCH  DEVELOPMENT 

The  literature  searc.n  was  initiated  with  a  comcuter-based  sear':'1 
through  the  services  of  the  Boeing  Aerospace  "ecrtnical  Library.  Over 
100  information  data  bases  were  accessible  t.nrougn  the  Horary's  con¬ 
tractual  tie-ins  with  System  Development  Corporation,  .ocxneed  Infor¬ 
mation  Systems,  Defense  Documentation  Center,  National  Aeronautics  ana 
Space  Administration,  and  the  New  York  Times  Information  Sank.  Using  as 
"key  words"  the  visual  system  character1 sti cs  developed  in  she  concept 
study,  and  adding  some  combinations  of  general  desc"  poors  such  as 
visual  simulation,  visual  systems,  v’sual  distortions ,  ana  *1 i gnt  s'~u- 
luion,  the  computer-based  search  assessed  something  ever  2QCC  titles. 
The  abstracts,  orinteo  cut  tor  most  of  these  reports  -n  t”e  computer 
search,  were  reviewed  and  tnose  appearing  relevant  to  the  stucy  were 
ordered.  Over  350  reports  were  initially  requested,  with  supplemental 
requests  for  nearly  2C0  additional  reports  being  maae  as  a  result  of  the 
examination  of  reference  lists  of  acquired  reports,  or  from  the  other 
aspects  of  the  literature  search. 

The  second  aspect  of  the  literature  search  was  to  review  analytical 
and  experimental  work,  which  had  been  conducted  by  the  contractor  either 
under  contract  or  with  in-house  research  and  development  funds  ana  wnich 
was  relevant  to  the  visual  simulation  design  problem.  This  included 
psychophysical  studies  of  various  aspects  of  vision,  such  as  visual 
acuity,  stereo  acuity,  target  acquisition,  chrcmcsterscosi s ,  cycio- 
p.noria,  photointerpretation,  and  related  performance  tasxs  such  as 
aircraft  approach  and  landing  under  a  variety  of  conditions,  including 
night/dark  *ield,  sloping  surrounds,  distortion  wi ndsni el ds ,  etc. 

In  addition,  extensive  experience  has  been  gained  over  the  past 
several  years  by  principal  memDers  of  this  contract  team  in  direct 
supoort  of  investigations  of  visual  simulation  systems  leading  up  to 
selection  of  the  system  for  the  contractor's  Elignt  Crew  Training  simu- 
lators.  This  is  an  ongoing  support  effort,  with  evaluations  currently 
being  conducted  for  near  future  visual  simulation  reoui rements . 

The  third  aspect  of  tne  literature  search  was  to  gather  data  net 
available  in  the  published  literature.  This  was  done  through  visits  and 
personal  communications  with  other  investigators  conducting  relevant 
analytical,  developmental,  and  experimental  efforts.  Early  in  tne  con¬ 
tract  period,  a  trip  was  mace  to  eignt  visual  flight  simulation  facili¬ 
ties  around  the  country.  This  visit  served  to  estafcl'sn  a  broader  1 i n« 
with  researeners  and  simulation  facilities  of  varied  types  and  also  tc 
increase  familiarization  with  the  unique  capabilities  and  ’ -imitations  of 
the  different  visual  simulation  system  concepts  and  equipment  employed 
in  these  facilities. 
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LITERATURE  DATA  EVALUATION 

The  literature  search  task  involved  not  only  the  acquisition  of 
reports,  but  the  evaluation  of  these  data  as  to  their  validity,  reli¬ 
ability,  and  relevance.  It  was  recognized  that  this  task  was  important 
in  developing  design  guidelines  that  could  be  used  with  confidence  by 
the  Air  Force  for  selecting  design  specifications  for,  or  evaluating 
designs  of,  future  visual  simulation  systems.  Where  there  was  an  abun¬ 
dance  of  relevant  data,  the  most  comprenensive  and  relevant  reports  were 
selected  for  summarization. 

In  approaching  the  literature,  the  procedure  was  to  compile  wo rx 
lists  of  all  available  references  which  might  be  relevant  to  each  charac¬ 
teristic.  From  reviewing  t.ne  abstracts,  the  studies  employing  the 
aporopriate  type  and  range  of  independent  and  dependent  variables  were 
selected  for  detailed  evaluation  of  the  complete  report,  "he  'ollcw'ng 
list  contains  the  evaluation  criteria  .$ed  t:  establish  a  level  o* 
confidence  and  utility  for  the  data  in  each  report. 

Evaluation  Criteria: 

1.  Were  the  levels  of  independent  and  dependent  var’as'es  .sec 
directly  appl icable? 

2.  How  sound  was  tne  basic  experimental  de sign? 

3.  Were  intervening  or  extraneous  variables  adequately  cor:-:  'eel' 

A.  Did  the  type  and  number  of  observers  or  s-bjects  used  ~a«e  fe 
results  general i zable? 

5.  Were  tne  rasic  assumptions  of  the  experimental  des-gr  -et! 

6.  We^e  t"e  statistical  ara’yses  used  appreciate  and  cc-pre^ers’ /e? 

7.  how  sound  was  "he  interpretation  of  tne  data  and  statist' cal 
ana ’ ys os  ? 

3  ..ere  tre  :enc!  us  ions  war-anted? 

3.  w>d*  <*a*  one  cower  o*  tne  test  ard  reliability  of  tne  ~eas^re- 

Tgr  *  ; 

1  3.  '"as  tne  st-dy  been  rop]  sated? 

i.  If  sc,  are  the  corresccrdi ng  data  and  conclusions  in  agreement? 


LITERATURE  SEARCH  LIMITATIONS 

Any  literature  search,  no  matter  how  intensively  pursued,  will 
almost  certainly  fail  to  pick  up  all  relevant  reports,  especially  wnen 
dealing  with  as  broad  a  topic  as  the  present  one  on  psychophysical 
criteria  for  visual  simulation  systems. 

One  reason  for  this  is  that  some  published  reports  are  not  acces¬ 
sible  under  the  keywords  chosen  to  maximize  relevant  information  re¬ 
trieval.  If  the  major  interest  of  the  author  is  peripheral  to  the 
literature  searcher's  category  of  interest,  the  keyword  list  provided  by 
the  author  of  the  report  may  not  include  some  words  which  would  lead  to 
its  discovery  by  the  literature  searcher. 

Another  problem  is  the  time  factor.  Work  schedules  force  the 
searcher  to  review  that  which  is  available  on  a  timely  basis.  Finally, 
the  allocation  of  time  to  the  literature  search  task  may  require  a  less 
than  thorough  examination  of  the  material  in  an  area  where  there  is  an 
overabundance,  while  an  area  where  there  is  a  paucity  of  information  may 
require  much  digging  to  find  the  rare  article  of  significance  to  the 
research  goals. 

Every  serious  researcher  knows  that  the  seeking  of  relevant  in¬ 
formation  from  the  literature  can  be  a  never  ending  task  but  that 
practical  considerations  require  that  a  cutoff  point  be  established, 
however  arbitrary  this  may  seem  from  the  standpoint  of  thoroughness  in  a 
technical  sense. 
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EVALUATION  OF  RESEARCH  DATA 


INTRODUCTION 

Phase  I  of  this  contractual  effort  was  organized  around  four  tasks. 
The  first  two,  visual  simulation  concepts  study  and  the  literature 
search,  have  already  been  discussed.  The  following  sections  deal  with 
the  evaluation  of  research  data.  The  fourth  task  resulted  in  the  design 
of  seven  experiments  for  Phase  II  (Appendixes  C  to  I). 

The  following  sections  of  the  report  discuss  the  evaluation  of 
research  data  and  are  organized  about  the  nine  major  sets  of  character¬ 
istics  of  the  USAF  approved  prime  list.  The  order  of  their  appearance  is 
common  to  the  scaling  of  inoortance.  One  deviation  from  this  order  is 
the  appearance  of  a  section  on  Update  Rate  which  is  under  the  main 
heading  of  Aliasing,  instead  of  being  a  portion  of  Visual  System  Lag. 
This  choice  was  arbitrary,  as  from  a  visual  standpoint  it  fits  within 
the  concept  of  Aliasing.  Whatever  the  effect  of  the  interaction  of 
sampl ings  and  digitizing,  the  observed  effects  are  also  a  product  of  a 
partial  system  lag. 

In  each  section,  an  attempt  has  been  made  to  assemble  and  summarize 
the  critical  information  from  the  technical,  experimental,  and  develop¬ 
mental  literature.  To  illustrate  the  advantages  and  disadvantages  of 
specific  design  criteria  for  the  improvement  of  the  display  and  utili¬ 
zation  of  information,  an  attempt  has  been  made  to  translate  into  de¬ 
signer  and  operational  uses,  the  terms  and  criteria  that  come  from 
diverse  professional  sources.  In  the  pursuit  of  completeness,  an  at¬ 
tempt  has  been  made  to  assess  which  data  are  missing  and  which  portions 
need  analytical  research  or  operational  data  for  the  design  of  new 
displays  or  the  retrofit  of  current  ones. 
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ALIASING 


INTRODUCTION 

The  general  problem  called  "aliasing"  by  engineers  covers  a  multi¬ 
tude  of  visual  effects  which  visual  specialists  would  classify  as  "anoma¬ 
lies"  and  which  are  due  to  quantizing  and  sampling  at  various  stages 
during  the  generation,  processing  and  display  of  television  images. 

The  instructors  and  pilots  undergoing  training  with  flight  simula¬ 
tors  fitted  with  visual  systems  have  some  very  descriptive  names  for 
these  visual  anomalies  seen  in  CCTV  displays  with  computer  generated 
images  (CGIs).  Examples  of  such  descriptors  are  shearing,  tearing, 
flickering,  creeping,  sparkling,  streaking,  bouncing,  oscillating, 
racing,  jumping,  skipping,  edge  walking,  and  reversing. 

The  Potential  Effects  of  Aliasing 

The  influence  of  these  visual  phenomena  that  are  specific  to  the 
line  scan  and  digital  quantizing  of  the  displays  has  not  been  quanti¬ 
fied.  These  phenomena  are,  at  the  least,  annoying  and  create  distrac¬ 
tions  which  may  interfere  with  pilot  performance  by  causing  frequent 
short  interval  delays.  Potentially,  they  can  impose  incorrect  percep¬ 
tions  of  speed  when  they  take  the  form  of  slowdowns  or  movement  rever¬ 
sals.  They  may  also  provide  navigational  and  spatial  orientation  cues 
where  there  are  no  real-world  equivalents  and  thereby  lead  to  "inter¬ 
ference  effects  in  transferring  to  the  real  world  situations."  Such 
interference  effects  are  probably  the  greatest  danger  imposed  by  these 
visual  anomalies,  especially  if  the  artificial  cues  are  learned  without 
awareness  of  such  learning  by  the  pilots  or  flight  instructors. 

An  example  of  a  potential  source  of  a  negative  transfer  of  training 
would  be  present  for  a  day  scene  with  a  CGI  display  with  a  line  scan 
system.  For  an  approach  and  landing  task,  the  runway  would  be  depicted 
as  being  ahead  of  the  approaching  aircraft,  and  in  this  hypothetical 
scene,  the  data  base  has  a  contrasting  color  (or  luminous  intensity) 
field  in  the  distance  beyond  this  runway.  This  field  covers  a  very 
short  extent  beyond  the  runway's  length  but  is  quite  wide  (horizontally; . 
It  is  trigonometrical ly  possible  that  the  frontal  extent  of  this  *ield 
could  cover  only  one  raster  line  when  the  approaching  aircraft  is  on  the 
proper  glideslope.  If  the  pilots  undergoing  training  keep  this  field  in 
view,  they  may  learn  by  comparing  this  aspect  of  tne  scene  with  the 
glideslooe  indication  on  their  Attitude  Direction  Indicator  (ADI)  that 
(a)  the  field  disappears  when  they  are  below  glideslope,  and  'b)  ; t 
flickers  (oscillating  between  two  raster  lines)  when  they  are  aoove 
glideslope.  They  now  have  a  "head-uo  display"  or  an  optical  leve**  trey 
can  use  to  maintain  a  prooer  descent  path  with  less  frecuen*  reference 
to  their  ADI.  They  may  change  the  visual  scan  among  the  instruments 
without  thinking  that  tney  are  using  the  visibility  of  that  particular 
field  as  a  check  on  the i ^  proximity  to  the  glideslope  The  int tructor, 
without  realizing  that  the  pupil  is  using  this  "aid.'1  rarss  that  stu¬ 
dent's  proficiency  too  nign.  The  pilot,  subsequent  '  -  -v  vrg ,  wT,l 
not  perform  as  well  on  the  "cnecx  nde,"  since  sirs  v  .*  ’’  '  * 

exist  in  the  real  world  and  at  least  this  part  of 
nave  positive  transfer  to  ooeraticn.al  flying. 


In  addition  to  the  aliasing  cue,  there  is  another  comp 1 ementary  cue 
that  pilots  -night  learn  that  provides  an  excellent  azimuth  alignment 
visual  level  on  a  CGI  display  that  uses  raster  lines.  The  rederal 
Aviation  Agency  ("AA)  specification  for  the  markings  on  a  runway  include 
a  centerline  and  two  runway  edge  lines.  The  edge  lines  are  solid  white 
lines  that  go  the  full  length  of  the  runway  and  are  near  the  right-  and 
left-hand  edges  of  the  hardened  surface.  When  the  aircraft  is  represen¬ 
ted  as  being  5  miles  out,  and  on  a  3  degree  glideslope,  the  representa¬ 
tion  of  the  runway  is  relatively  small.  The  "level  of  detail"  input 
from  the  software  is  operating  on  the  first  or  second  of  eight  possible 
levels  of  increasing  complexity.  The  edge  lines  appear  to  be  described 
by  a  series  of  short  segments,  each  made  up  of  two  or  three  raster 
lines.  Each  of  these  elements  is  written  at  a  different  time  due  to  the 
digital  incuts  from  the  computer.  These  small  temporal  differences  in 
writing  times  gives  the  pilot  the  impression  that  the  runway  edge  '’'res 
are  relatively  dynamic.  They  appear  to  scintillate,  moving  away  or 
toward  the  airplane  or  flicker  without  changing  position.  It  may  soon 
be  learned  by  the  pilot  that  the  aircraft  position  controls  the  type  and 
direction  of  the  apparent  motion.  If  the  aircraft  is  to  the  left  of  the 
runway  centerline  extension,  the  left-hand  edge  of  the  runway  appears  to 
be  moving  from  a  distance  toward  the  aircraft  and  the  right-hand  edge 
line  appears  to  be  moving  from  the  aircraft  toward  the  horizon.  If  the 
pilot  changes  the  relative  position,  bringing  the  airplane  closer  to  the 
extension  of  the  centerline,  the  rates  of  differential  apparent  movement 
begin  to  slow.  The  apparent  motion  stops  when  the  aircraft's  position 
is  centered  on  the  extension  of  the  runway  centerline.  If  the  pilot 
overshoots  the  centerline  extension,  ending  up  to  the  right  of  this 
reference,  the  relative  apparent  motion  of  the  runway  edge  lines  shifts 
direction.  Then  the  right-hand  edge  line  appears  to  move  toward  the 
aircraft  and  the  left-hand  edge  line  appears  to  be  moving  away  from  the 
aircraft  toward  the  horizon.  Therefore,  at  a  great  distance  from  the 
runway,  the  pilot  can  get  azimuth  alignment  cues  by  watching  this  rela¬ 
tive  motion  of  runway  edges.  This  visual  anomaly  is  useful  in  the 
simulator  as  a  pilot  aid,  but  the  transfer  of  the  skill  of  using  this  in 
the  real  world  is  zero  or  negative.  The  visual  cue  is  also  specific  to 
visual  systems  that  utilize  digital  inputs  coupled  with  raster  line 
displays. 


EXAMPLES  OF  ALIASING  ERRORS 
Edges  With  Apparent  Steps 

The  CGI  daylight  systems  until  1973  were  producing  surfaces  whose 
sloping  edges  appeared  as  a  series  of  steps  or  "jaggies"  (Schumacker  5 
Rougelot,  1977).  Figure  1  depicts  this  relationship.  Each  pixel  was 
assigned  a  supra-threshold  luminous  chromaticity  that  was  based  on  a 
single  sample  of  the  scene  spatially  located  at  the  center  of  the  pixel. 

If  the  horizontal  length  of  each  pixel  is  greater  than  the  resolu¬ 
tion  threshold  of  tne  eye,  then  the  aooearance  will  be  of  a  step-wise 
edge,  as  shown  in  cigure  1.  In  a  computer  generatec  scene  de?*'ctv:q 
the  distant  norizon  as  a  straight  line  traversing  the  width  cf  the 
•display,  the  horizon  will  be  a  straight  line  following  a  single  raster 


Desired  Representation 
of  the  Edge 


line.  However,  as  the  aircraft  is  banked  and  the  horizon  dips  on  the 
left  side  and  rises  on  the  right,  the  horizon  crosses  many  raster  lines 
and  its  apcearance  changes.  The  line  appears  as  a  series  of  steps 
progressing  upward  from  left  to  right.  This  description  holds  only  for 
a  steady  state  of  right  wing  down.  The  dynamic  changes  in  roll  produce 
the  perception  of  a  phenomenal  movement.  Tne  sawtooth-like  edges  seem 
to  step  in  time  such  that  they  shear  from  the  1 er t  to  the  right,  a  non- 
real  but  apparent  motion  known  as  the  phi  phenomenon.  ~his  apparent 
motion  is  due  to  a  differential  writing  rate  interacting  with  the  dif¬ 
ferent  raster  line  spatial  position. 

For  any  given  raster  line,  each  pixel  is  written  from  the  left  to 
the  right  in  an  ordered  sequence,  so  the  "sawtooth"  on  the  left  side  of 
tne  display  is  written  first,  and  the  "sawtooth"  on  the  right  edge  of 
the  display  is  written  last.  The  individual  steps  in  the  sawtooth  appear 
then  to  be  written  in  a  moving  fashion  from  left  to  right,  and  the 
perception  is  that  the  steps  are  moving  from  left  to  right. 


A  Theoretical  but  Impractical  Solution 

One  solution  for  this  problem  would  be  to  have  sufficient  raster 
lines  and  elements  so  that  the  pixel  size  would  be  less  than  the  resolu¬ 
tion  of  the  eye.  The  vernier  threshold  at  6  foot-1 amberts  and  more  than 
40  percent  contrast  is  .04  arc  minute.  In  a  beam-spl i tter-mi rror  dis¬ 
play  with  a  viewing  distance  of  47  inches,  this  solution  would  require 
27,512  raster  lines  and  36,584  elements  per  line.  This  would  also  re¬ 
quire  a  38.5  times  reduction  of  the  spatial  extent  of  the  triad  in  the 
current  1000-line,  25-inch  CRT.  This  is  an  impractical  solution  for 
today's  technology.  The  alternative  solutions  include  reducing  the 
overall  contrast  of  the  scene,  or  reducing  the  sharpness  of  the  gradient 
of  luminosity  across  the  edge,  or  a  combination  of  these  factors. 

Smoothing  as  a  Solution  for  Jagged  Edges 

Reducing  the  edge  gradient  in  combined  hue  and  luminosity  tran¬ 
sitions  in  the  CGI  image  displays  is  called  "smoothing."  This  is  an 
effective  solution  obtained  by  displaying  each  pixel  which  is  cut  by  an 
edge  as  a  blend  of  the  .olors  on  either  side  of  that  edge.  If  two 
pixels  are  cut,  the  mixtures  would  be  33/67  and  67/33  blends.  Sampling 
across  three  pixels  would  make  the  transition  as  25/75.  50/50,  and  75/25 
proportions  from  one  color  to  the  next.  For  a  long  horizontal  edge, 
the  smoothing  may  be  a  near-linear  transition  over  a  number  of  pixels. 
Since  horizontal  elements  of  a  raster  line  may  have  no  interval  between 
them,  "horizontal"  smoothing  is  perceptually  different  from  "vertical" 
smoothing  as  the  space  between  lines  is  generally  visible  and  near¬ 
vertical  edges  may  involve  only  one  element  smoothing. 

Interactive  Effect  of  Smoothing  on  Resolution 

Smoothing  has  an  interactive  effect  on  display  resolution.  The 
distribution  of  an  edge  over  more  than  one  element  length  decreases  the 
resolving  power  of  the  display  as  shown  in  Figure  2.  A  system  whose 
element  length  subtends  2.3  arc  minutes  on  the  human  retina  and  has  a 
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Th*.-  effect  of  smoothing  on  the  resolution  of  edge 
(Kraft  &  Shatter,  1978) 


s'n.gle  sampling  at  the  midcle  of  the  element  will  display  an  edge  as 
orawn  on  the  left  of  Figure  2.  If  the  apparent  edge  is  at  5u-oercent 
luminous  intensity,  tnen  a  single  element  will  appear  to  have  the  ngnt 
and  ’eft  edges  2.3  arc  minutes  apart.  If  the  transition  is  smoothed 
across  three  elements,  tnen  tne  smallest  oisolayed  distance  between  two 
edges  oecomes  5.5  arc  minutes,  and  for  a  four-element  smoothing,  the 
minimum  two-edge  distance  is  3.4  arc  minutes.  Therefore,  system  reso¬ 
lution  specifications  should  take  into  account  tne  effect  of  the  elec¬ 
tronic  smoothing  technique  and  the  sampling  frequency  per  pixel  'Kraft 
i  Shaffer ,  1 973} . 

Interactive  Effect  of  Contrast  and  Smoothing 

The  jagged  aooearance  of  an  edge  will  oe  maximized  by  high  contrast 
and  decrease  witn  lowered  contrast.  Apoarent  sharDness  of  an  edge 
increases  witn  the  steepness  of  the  ogive  curve  describing  the  luminous 
■ntensity  cn.ange  as  a  function  of  spatial  separation  of  the  minima  ana 
maxima  in  luminosities.  Holding  the  spatial  distribution  constant  and 
reducing  the  range  of  intensities  produces  a  reduction  in  contrast  and 
in  the  apoarent  sharpness  of  the  edge.  Therefore,  in  a  scene  composed 
of  small  contrast  differences,  edge  smoothing  will  affect  the  perception 
of  the  steps,  making  them  either  less  noticeable  or  not  discernible  at 
all . 


The  Interactive  Effect  of  Update  Rate  and  Scene  Content 


If  a  line  scan,  digital  computer  generated  system  has  refresh  and 
update  rates  of  50  Hz  the  phenomena  described  in  the  following  dis¬ 
cussion  are  minimized;  however  if  the  update  rate  is  30  Hz,  these  oheno- 
mena  will  be  observed.  If  the  scene  being  drawn  contains  lines  that 
are  parallel  to  the  flightpath  of  the  airplane,  the  edges  of  these  lines 
will  aopear  to  be  quite  smooth  if  the  airplane  is  proceeding  on  a 
straight  line.  However,  wnen  the  airplane  begins  to  change  heading  at  a 
sufficient  rate  and  tne  angular  velocity  reaches  a  specific  amount,  tne 
appearance  of  a  smooth  vertical  line  now  aopears  as  a  jagged  line  on  its 
right  and  left  edges.  The  paradigm  is  like  the  image  is  made  up  of  two 
combs  with  every  other  tootn  being  represented  by  a  different  conD. 

When  one  comb  is  moved  to  the  ’eft  and  the  other  to  the  rignt,  the  tips 
of  each  of  the  individual  spines  no  longer  rorm  a  straight  line.  This 
would  describe  the  appearance  of  the  left  and  right  edges.  The  slippage 
in  space  is  dynamic,  a  direct  function  of  the  angular  visual  velocity 
generated  oy  the  movement  of  the  aircraft  relative  to  the  scene,  "he 
nearer  the  object  in  the  scene  is  to  tne  pilot,  the  greater  tne  angular 
velocity  for  any  common  rate  of  turn.  Two  differential  resolutions 
exist  within  the  scene  until  the  turning  movement  returns  to  zero. 

A  different  perception  occurs  when  the  aircraft  remains  on  tne  same 
heading  and  the  oit^.h  is  changed,  when  the  rate  of  change  in  oi ten 
becomes  sufficient,  the  steady  transition  changes  to  a  steo-wise  progres¬ 
sion.  "his  is  most  noticeable  when  looking  at  horizontal  elements,  'he 
vertical  lines  a-e  "ct  affected  by  this  direction  of  movement.  The 
■nteract'or  between  tne  slower  update  rate  and  the  depiction  of  sma ; 1 
objects  in  one  s:ene  is  represented  by  a  phenomena!  cn.ange.  r-'rst,  tne 
width  o*  one  sma! '  object  increases,  then  ip  aooears  as  two  elements 


instead  of  one.  An  example  is  when  the  scene  depicts  a  runway  ana  the 
dynamic  movements  are  those  of  a  takeoff.  As  the  aircraft  ga;ns  soeed, 
the  runway  edge  lights  will,  at  seme  point,  begin  to  stretch  ana  then 
break  apart,  and  then  become  two  lights.  The  soace  between  the  two 
reoresentations  will  increase  as  a  function  of  tne  angular  velocity.  A 
a  30  Hz  update  rate  and  a  29  foot  eye  neight,  an  aircraft  soeed  of  arou 
116  knots  will  produce  double  images  of  runway  lights  150  feet  to  tne 
right  or  left  of  the  cockpit.  The  double  images  are  located  in  tne 
lower  right  and  left  portions  of  a  30  by  40  degree  field  of  view.  The 
pilots  may  incidentally  learn  the  relationship  between  71  speed  and  the 
appearance  of  doubling  of  the  lights  and  they  could  use  this  as  a  cue 
for  when  to  rotate  the  aircraft  without  reference  to  the  airspeec 
indicator. 

The  doubling  of  the  runway  edge  lights  will  also  occur  curing  a 
taxiing  maneuver  when  the  aircraft  turns  from  the  runway  onto  an  adja¬ 
cent  taxiway.  This  is  true  if  the  turn  is  a  90  degree  turn  ana  tne 
taxiing  velocity  is  about  9  knots.  Pilots  could  learn  to  associate  the 
amount  of  separation  in  the  images  of  a  single  light  with  the  angu'ar 
velocity  of  the  turn  and  use  it  to  their  advantage. 

The  perception  of  edge  breakup  and  doubling  of  small  objects  is  di 
rectly  related  to  the  angular  velocity  in  the  scene.  Hign  aircraft 
speeds,  rates  „f  turn,  roll  rates,  etc.  may  occur  without  the  pilot's 
seeing  this  visual  phenomenon.  That  is,  for  the  same  rates  of  turn, 
near  objects  may  appear  to  double,  intermediately  distant  targets  will 
appear  to  blur  on  the  left  and  right  borders,  and  distant  objects  will 
appear  unaltered  (Table  2). 

It  is  not  known  whether  these  phenomena  have  a  negative  effect  or. 
transfer  of  training.  Update  rates  are  task  depenuent,  particularly  in 
the  military  situation.  Angular  velocities  represented  in  the  visual 
scene  will  be  much  higher  for  tasks  like  those  assigned  to  the  A- 10  in 
low  level,  high  speed  flight,  in  contrast  to  the  approach  and  landing 
rates  of  military  air  transport.  Even  more  extreme,  high  angular  veloc 
ties  will  occur  in  air-to-air  combat.  The  advantage  of  using  a  faster 
update  rate  will  be  that  the  simulator  and  its  visual  scene  can  be  used 
for  more  tasks.  However,  the  disadvantage  is  that  the  amount  of  com¬ 
puter  caoability  will  nave  to  be  increased  to  gain  a  50  Hz  update  rate. 


Table  2.  The  influence  of  a  30  Hz  update  rate  on  the 
appearance  of  lights  and  small  objects  3 
arc  min)  in  1000- raster  line  displays  (values 
in  table  are  in  degrees) 


!  Ai rcraft 
Speed 
'in  Knots 

Distance  From  Pilot's  Eye  to 

Small  Object  in  Scene 

50’ 

100' 

150’ 

1000' 

10,000' 

100 

6.42 

3.22 

2.14 

.322 

.032 

150 

; 

9.  58 

4.82 

3.22 

.4p. 

.048 

200 

12.68 

6.42 

4.29 

.644 

.064 

| 

★ 

*★ 

*  Will  appear  as  two  objects  Instead  of  one. 
**  Width  of  object  will  appear  too  large. 

***  Object  will  appear  unaltered  by  speed. 
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MAGNIFICATION 


INTRODUCTION 


Magnification  of  a  CGI  remains  a  point  of  discussion  among  soecial- 
•sts  in  vision  and  equioment  designers.  The  goal  is  to  provide  a  CGI 
;mage  with  a  specific  display  that  permits  the  greatest  amount  of  trans¬ 
fer  of  training  from  simulators  to  the  real  world.  The  design  of  a 
certain  *‘ield  of  view  for  a  display  system  may  be  achieved  by  magnifying 
ere  CR~  image  to  f  11  the  angle  subtended  by  the  display.  Whether  the 
'•“suiting  magnification  of  the  image  is  acceptable  for  training  may 
ceoerd  more  on  the  representation  of  relative  sizes  of  objects  ana  their 
• "  terra’,  at' onshi os  imposed  by  the  dynamics  of  motion  in  real  time,  than 
t-e  aoso'ute  image  size.  This  section  discusses  some  of  the  possible 
'"'■cat'crs  of  magnification  in  display  design. 

"he  three  asoects  of  magnification  to  be  considered  here  may 
produce  perceptual  effects  in  a  visual  simulation  system:  (a)  Uniform 
magnification  within  the  optical  system  with  Image  size  correct  for  the 
ooject  size  and  distance  portrayed,  fb)  Uniform  magnification  of  a  scene 
to  an  image  size  larger  or  smaller  than  that  dictated  by  the  size/dis¬ 
tance  relationship,  (c)  Non-uniform  magnification,  in  which  objects  in 
some  areas  of  a  display  are  magnified  more  than  objects  in  other  areas 
(i .e.  ,  distortion). 

Optical  Magnification 

The  first  type  to  be  described  has  been  termed  "optical"  or  "instru¬ 
mental"  magnification  (hartley,  1951;  Miller  &  Sartley,  1954;  and  lums- 
ben,  197 7 )  and  may  be  found  In  visual  simulation  systems  when  a  "too 
small"  scene  is  magnified  by  the  transmission  optics  (usually  in  the 
interest  of  expanding  the  field  of  view  of  the  display).  Under  this 
condition,  it  is  assumed  that  there  are  no  specific  distortions  of  the 
image;  i.e,  the  image  has  "geometric  equivalence"  to  the  "real"  scene. 

The  optical  magnification  problem  Is  relevant  to  systems  which  use  films 
or  physical  models,  such  as  model  boards,  for  the  original  scene  construe 
tion  and  may  or  may  not  be  a  problem  In  CGI  systems. 

The  perceptual  effect  found  wn.i  optical  magnification  is  a  "fat¬ 
tening"  of  the  third  dimension  of  the  scene,  i.e.,  a  compression  of 
perceived  depth  in  the  scene  with  resulting  apparent  distortions  of 
three-dimensional  objects  in  the  image.  This  effect  occurs  whether  tine 
scene  is  real  or  a  two-dimensional  representation,  suc.n  as  a  film,  "he 
cause  of  this  reduction  in  the  perceived  thi:'d  dimension  is  that  magnify¬ 
ing  the  image  proportionately  enlarges  all  portions  of  the  scene  and 
objects  within  the  scene.  Thus,  if  a  2x  magnification  is  used,  both 
"near"  and  "far"  objects  are  doubled  in  size  in  their  two-dimensional 
representation.  In  the  real  world,  the  equivalent  of  magnification 
would  be  to  move  closer  to  the  scene,  and  in  the  orocess,  "near"  and 
"•'ar"  objects  do  not  increase  in  size  (visual  angle)  in  the  same  pro¬ 
portion  since  tr.e  reduct' ons  in  distance  are,  respectively,  dif£erer,t 
ratios . 


'he  apparent  distortion  in  objects  soon  as  1 c'-gs  consls*s  a ' sc 
of  a  compression  of  depth  wnicii  aopears  to  alter  toe  angular  tr  secret.-' -- 
cal  relationships  of  'intersecting  ol  anes  cr  edges.  ''-.is  oercei  /ec 
distortion  can  also  be  *ound  in  two-  ^Tmensional  3 races  wnc.n  -ave  a  I- 
axis  component,  such  as  a  runway  outline  viewed  on  *'na!  acproacn  •-  a 
simulator.  In  this  situation,  the  compression  0*  deotn  translates  ;-tc 
a  tilting  or  slant  of  the  runway  plane,  with  t.ne  far  end  t’lted  up 
(closer  tc  the  observer).  cigure  3  depicts  this  relationship,  wit"  f? 
upper  figure  snowing  t.ne  plane  both  as  viewed  naturally  at  *ul!  distance 
and  as  viewed  with  optical  magnification,  and  with  the  lower  figure 
snowing  the  plane  viewed  naturally  at  a  closer  distance.  A  comoar’sc-  :f 
the  angular  relationships  of  planes  A3,  VX,  and  Ai  ,  3'.,  snow  the  per¬ 
ceived  distortion  ,-n  the  slant  of  the  optically  magnified  plane. 

'he  '•unway  plane  distortion  is  pe-naps  the  most  serious  case  re¬ 
sulting  from  optical  magnif- cation,  and  while  this  effect  nas  teen  xr.cwr 
ter  some  time  (Bartley,  1351),  no  definitive  data  nave  been  found  to 
establish  cetection  thresnolds.  However,  there  are  some  representative 
data  on  tne  thresnold  for  the  detection  of  slant  under  unaided  viewing 
conditions.  In  a  study  of  ’geographical"  versus  "optical"  slant,  Gibson 
and  Comsweet  "1352'  -ecorted  standard  deviations  for  the  judgments  of 
slant  to  be  about  13  degrees  and  5  degrees  respectively.  To  provide 
more  definitive  cata.  an  experimental  design  for  a  psychophysical  study 
nas  been  developed  arc  is  included  in  Appendix  E. 

Since  the  effects  of  ootical  magnification  do  no:  -include  distor¬ 
tions  or  degrading  of  image  duality  in  tne  usual  sense,  it  is  antici¬ 
pated  that  there  will  be  no  attendant  visual  stra'n,  fatigue,  or  visual 
tolerance  levels,  'here  may,  however,  be  vis. a!  di sor; entation  or 
confusion  with  extreme  cases  of  magnification. 

Si 2°  V a g n i fication 

The  second  type  of  magnification  of  concern  ;n  visual  simulation 
system  design  is  that  involving  uniform  magnification  0*  the  overall 
scene  such  that  the  visual  angle  subtended  oy  decicted  objects  ;s  grea¬ 
ter  than  the  angle  dictated  by  the  size/distance  relationship  repre¬ 
sented.  Such  magnification  may  result  from  poorly  controlled  desig- 
features,  suc.n  as  imorooer  eye-to-dlsplay  distance  or  imorcoer  object- 
to-magnifier  distance.  Figured  (from  Ganzle-,  1971)  depicts  tne 
relationship  between  eye-to-lens  distance  and  •mage  site  for  various 
object-to- lens  distances.  The  perceptual  effects  of  such  magn'fi cation 
are  linked  to  size  constancy  and  perceptual  size-distance  -elaticnsnios. 
Consequently,  no  general  detection  or  tolerance  criteria  can  be  estao- 
lished-,  the  perceived  effects  can  be  described  only  in  t.ne  context  of 
the  SDecific  viewing  conditions  and  scene  constructs  such  as  level  0*' 
detail  or  texture;  and  even  with  such  specificity,  individual  differ¬ 
ences  ’in  perception  make  attempts  at  the  establ  i  shment  of  detection 
tnresholds  etc.  a  very  tenuous  prcoosi tion.  ‘ievertre 1  ess ,  this  subject 
is  discussed  ;n  ~ore  detail  -in  the  section  on  Lateral  '/ergencs- Col  1 '  - 
nation/  Image  Distance. 
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Figure  3.  The  upper  figure  shows  a  runway  plane  as  viewed  naturally 

(abNAB)  and  under  instrumental  magnification  (yxNYX),  compared 
with  the  runway  viewed  naturally  but  at  a  closer  distance 
(aib7N-|A-)Bi ) ,  as  in  the  lower  figure.  (Redrawn  from  Bartley, 
1951 .  ) 
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Eye  to  lens  distance  for  61  -  cm  focal  length  lens, 


Figure  4.  Relationship  between  pilot's  subtended  visual 
object  distance,  and  eye-to-lens  distance  for 
focal  length  lens  (Ganzler,  1971). 
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Non-Uni  form  Magnification 

The  third  tyDe  of  nagni fication  of  interest  oere  involves  dis¬ 
tortion  of  the  image,  in  wnich  some  oortions  of  the  :mage  are  magnified 
more  than  other  portions.  Generally,  this  results  £rtm  res'dual  dis¬ 
tortions  of  the  barrel  or  pincushion  tyoe,  although  symmetrical  meri¬ 
dional  aniseikonia  also  can  be  at  fault.  In  most  cases  these  distor¬ 
tions  appear  unequal  to  the  two  eyes  cue  to  the  differing  off-axis 
positions.  For  these  cases,  the  criteria  develoced  in  the  section  on 
Image  Size  Differences  are  most  aoolicaole. 
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SCENE  OVERLAPS  AND  INSERTS 


INTRODUCTION 

The  extensive  maneuvering  required  of  military  aircraft  in  air-to- 
air  engagement  requires  a  much  larger  field  of  v'ew  than  that  for 
approach  and  landing.  The  F-15  and  "aggressor'  squadron  pilots  training 
in  the  maneuvering  range  have  found  that  tne  first  visual  acquisition  of 
the  "foe"  is  almost  essential  for  survival.  Radar  may  assist  the  pilot 
in  narrowing  the  field  of  search,  tut  visual  acquisition  is  necessary  to 
gain  early  position  and  attitude  information.  Once  acquired,  vision 
remains  the  main  source  of  information  about  the  other  aircraft's  speed, 
direction  of  movement,  and  attitudinal  changes  that  are  the  precursors 
of  each  maneuver.  The  'friendly'  and  "aggressor"  fighter  pilots  are 
emphatic  about  their  need  for  'the  largest  possible"  field  of  view  for 
aerial  combat. 

The  AFHRL  Flying  Training  Division  at  Williams  AFB  has  provided 
quantitative  measurement  of  the  relationship  between  fields  of  view  and 
pilot  performance  in  terms  of  circular  error  in  bombing  (Cyrus,  1973). 
It’was  found  that  the  larger  the  field  of  view,  the  smaller  the  circular 
error.  The  trend  in  flight  simulators  designed  •"or  the  training  of 
fighter  pilots  is  toward  incorporating  visual  displays  of  very  large 
fields  of  view  and  accepting  lower  general  resolution  (with  the  exceo- 
tion  of  inserts  of  the  "other"  aircraft)  as  a  necessity  imposed  by  the 
current  state  of  the  art. 

Requirements  for  simulators  of  large  aircraft,  bomber,  cargo, 
tanker,  command  post,  airborne  early  warning,  and  ai r-to-surface  patrol 
types  include  an  out-of-the-window  visual  simulation  capability  with 
large  fields  of  view.  Refueling  of  these  aircraft  is  one  task  that  has 
the  face  validity  of  requiring  a  large  field  of  view.  Air  safety  along 
heavily  travelled  routes  and  in  air  terminal  areas  with  high  density 
traffic  may  also  be  improved  by  the  larger  fields  of  view. 

Fi el d  of  View  and  Resolution 


To  generate  images  for  wider  fields  of  view  with  special  television 
or  CGI  techniques  generally  reduces  the  line  width  x  element  resolution 
as  Illustrated  in  Table  3  and  Figure  5  (Kraft  &  Shaffer  1978).  However, 
air-to-air  and  ai r-to-ground  visual  tasks  of  aerial  combat,  reconnais¬ 
sance,  and  attack  all  require  high  resolution  systems.  The  technique  of 
providing  "area  of  interest"  inserts  in  displays  becomes  a  logical  mode 
for  solving  the  tradeoff  between  field  of  view  and  resolution.  This  is 
fostered  by  the  theoretically  unlimited  number  of  channels  that  mignt  be 
generated  in  CGI  systems  to  cover  the  large  field.  To  also  incorporate 
very  high  resolution  simultaneously  in  all  areas  of  the  display  is  not 
cost  effective,  considering  the  computer  storage  and  display  require¬ 
ments  to  have  all  the  "edges"  or  "polygons"  necessary  for  high  resolu¬ 
tion  and  great  detail  t.hrougnout  a  200  degree  x  360  degree  field  of 
view. 
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Visual  Resolution  In  Arc  Minutes 
per  Line  Pair 


Table  3.  Interrelationship  of  visual  resolution  and 
field  of  view  for  a  1000  line  visual  system. 
(Kraft  &  Schaffer,  1978) 
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Figure  5.  Interrelationship  of  visual  resolution  and  field  of  vi 
for  a  1000  line  visual  system. 


THE  GENERAL  PROBLEM  OF  INSERTS 


The  degree  of  attainable  realism  in  a  CGI  scene  is  nearly  limit¬ 
less  theoretically.  However,  practical  limitations,  primarily  in 
computer  capacity,  force  the  purchaser/user  to  settle  for  something 
less  than  the  near  perfect  simulation.  The  comoromise  may  oe  to  con¬ 
centrate  the  high  level  of  detail  in  certain  areas  of  specific  interest 
while  allowing  other  areas  to  be  shown  in  lower  resolution.  In  an  air- 
to-ground  target  acquisition  task,  for  example,  it  is  wasteful  to 
assign  as  much  computer  work  to  the  sky  as  to  the  ground  area,  -urt.ner 
refinements  on  this  general  approach  and  some  attendant  problems  are 
discussed  in  the  following  paragraphs. 

The  problem  becomes  one  of  producing  a  display  system  which  can 
take  full  advantage  of  CGI  signals,  provide  adequate  luminous  intensity 
realistic  scene  movement  and  velocities,  large  field  of  view,  and  an 
area  of  interest  with  high  resolution.  Then  the  major  problem  snir'ts 
toward  placing,  stabilizing,  and  matching  this  area  of  interest  to  the 
pilot's  line  of  sight,  maintaining  in  real  time  the  high  resolution 
image  on  and  around  the  fovea  and  phenomenal  macula.  Inserts  success¬ 
fully  slaved  to  the  line  of  sight  would  be  an  ideal  solution  for  ail 
visual  tasks.  The  concept  of  slaving  the  area  of  interest  to  ground 
targets  is  theoretically  easier  to  achieve;  however,  the  area  or  hi gn 
resolution  would  be  easily  recognized  by  the  pilot.  The  main  disad¬ 
vantage  of  target  slaved  areas  of  interest  becomes  evident,  in  that 
easily  discriminated  patches  of  high  quality  images  would  provide  ex¬ 
cellent  cues  for  where  to  search  for  a  target  of  opportunity.  Thus,  t.n 
most  difficult  and  time-consuming  aspect  of  target  acquisition  is  arti¬ 
ficially  aided  to  the  point  that  target  acquisition  becomes  a  target 
recognition  task. 

Insert  Slaved  to  Head  Position 


The  present  state  of  the  art  permits  slaving  the  insert  to  head 
position.  Remaining  problems  include  system  lags  wherein  the  final 
phases  of  positioning  the  image  after  a  head  motion  (approximately  10 
degrees  or  more)  are  visible.  The  saccadic  eye  movement  made  to  track 
this  final  scene  movement  overshoots  the  final  position  and  comes  to 
rest  beyond  the  final  stop  position  of  the  scene.  Then  a  new  reverse 
saccade  centers  the  fovea  on  the  now  stationary  point  of  interest. 

Head  and  Eye  Tracking  Combined  to  Drive  Insert 

Incorporating  eye-tracking  devices  within  a  helmet,  to  ado  eye 
tracking  to  that  of  head  tracking,  is  currently  not  witnin  the  state  of 
the  art.  Although  this  would  represent  the  ideal  control  of  a  high 
quality  insert,  there  are  a  number  of  major  limitations  that  must  be 
overcome  before  this  solution  becomes  practical.  For  example  fighter 
pilots  who  pull  high  Gs  in  combat  maneuvering  avoid  any  additional 
weight  or  structure  on  their  helmets.  Their  search  patterns  are  slewed 
and  tne  canooy  is  scratched  by  existing  helmet  attachments  during  tne 
gross  head  motions  used  in  the  fast  wide  field  scanning  that  are  oart  o 
air-to-air  engagements  staged  at  the  maneuvering  range.  Also,  current 
eye  trackers  which  are  capable  of  tne  necessary  accuracy  and  speed  are 
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laboratory  tools,  mounted  on  rigid  platforms,  and  requiring  hours  to  set 
up  and  calibrate  for  each  observer.  The  systems  are  not  adaotatile  to 
all  individuals  because  pupil  size,  corneal  curvature,  etc.  are  not 
always  compatible  with  the  equipment's  capaDi 1 i ties . 

Some  Specification  Information  on  Inserts 

An  insert  that  is  rotated  from  vertical  or  horizontal  without  any 
reference  as  to  vertical  or  horizontal  in  t.ne  peripheral  area  surroun¬ 
ding  the  insert  still  must  be  within  1  degree  of  vertical.  Alluisi  S 
Muller  (1956)  nave  shown  that  the  vertical  and  Horizontal  orientation  of 
a  line  can  be  used  as  an  error-free  coding  category  within  the  limit  of 
1  degree.  The  error-free  zones  of  inclination  as  a  coding  category 
become  larger  out  to  AS  degrees,  then  decrease  in  a  similar  manner  until 
90  degree  rotation  (horizontal)  is  reacned.  Visual  acuity  data  also 
illustrate  a  greater  discrimination  in  the  horizontal  and  vertical 
meridians  than  are  to  be  found  along  the  oblique  meridians. 

Ogle  (1962)  indicates  that  the  directional  values  of  the  retina 
indicate  a  "pincushion"  type  of  discrepancy.  If  the  insert  has  strong 
horizontal  or  vertical  elements  within  the  scene,  those  off  the  central 
locus  will  not  seem  horizontal  or  vertical  as  do  the  other  elements. 
Thus,  the  horizontal  elements  in  the  lower  naif  of  the  scene  will  appear 
rotated  sligntly  counterclockwise  in  the  lower  right  quadrant  and  clock¬ 
wise  in  the  lower  left  quadrant.  The  upper  quadrants  will  be  mirror 
images  of  this  apparent  rotation,  i . e .  ,  as  though  they  are  hinged  at  the 
hori zon . 

Raster  Lines  and  Inserts 


Raster  lines  that  have  a  horizontal  orientation  will  provide  easily 
discriminated  cues  of  angular  misalignment  of  inserts.  That  is,  an 
insert  presented  in  a  homogeneous  field  must  be  within  1  degree  of 
horizontal  to  be  discriminated  as  horizontal.  When  the  surrounding 
field  is  also  made  up  of  horizontal  raster  lines,  tne  discrimination  of 
matching  hori zontal ness  of  insert  with  field  becomes  a  vernier  acuity 
discrimination  sampled  at  both  vertical  edges  of  the  insert.  Mismatc.ned 
edges  of  raster  lines  of  high  contrast  may  be  discriminated  at  less  than 
0.05  arc  minute  wnen  the  luminance  level  is  between  1  and  10  foot  Lam¬ 
berts  (Farrell  &  Sooth,  1975). 

Differences  in  density  of  raster  lines  will  be  discriminated  as 
contrast  differences  when  the  individual  lines  are  of  3  widt.n  ana  sepa¬ 
ration  that  approximate  the  visual  threshold  of  resolution.  The  lines 
will  be  judged  as  visible  near  a  modulation  of  0.013  when  the  luminance 
is  near  10  foot  Lamberts.  Adjacent  gratings  comprising  two  dif-erent 
raster  densities  will  be  discriminated  as  insert  vs.  £ield  when  t.ne 
contrast  difference  is  greater  than  2.5  percent. 

Vertical  vibration  that  is  perpendicular  to  the  raster  lines  will 
reduce  tne  visibility  of  a  high  contrast  grating.  An  insert  of  high 
quality  (1.5  arc  min.  resolution)  tnat  •"atones  tne  field  i n  apparent 
contrast  will  become  visible  as  an  -nsert  of  a  different  contrast  if  it 
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vibrates  with  a  peak-to-peak  amplitude  of  1.0  to  1.75  Hz  for  frequencies 
of  20  to  120  Hz.  These  just  discriminable  contrasts  would  apply  to 
still  scenes  should  become  less  visible  with  moving  scenes  because  the 
image  quality  of  both  field  and  insert  become  less  as  the  phosphor  smear 
increases  due  to  motion. 
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BINOCULAR  DEVIATIONS  AND  IMAGE  SIZE  DIFFERENCES 


INTRODUCTION 

Distortions  or  deviations  in  the  ray  bundles  transmitted  from  a 
single  scene  to  the  two  eyes  of  the  observer  (biocular  systems)  may 
produce  perceptual  effects  which  are  unique  and/or  either  more  or  less 
severe  than  those  produced  when  the  two  eyes  receive  separate  image 
packages.  Visual  systems  such  as  helmet-mounted  or  stereoscopic  disolays 
often  present  basically  different  images  to  the  two  eyes,  thus  requiring 
both  physiological  and  central  integration  of  the  seoarate  images. 
Although  the  subject  of  stereoscopic  displays  or  imagery  was,  by  intent, 
not  a  part  of  this  effort,  it  was  felt  that  some  characteristics  of 
these  types  of  displays  were  legitimate  areas  of  concern  in  this  analy¬ 
sis  of  binocular  effects.  In  fact,  the  monoscoDic,  biocular  systems  of 
most  concern  to  us  are  "stereoscopic"  to  the  extent  tnat  different 
images  (via  system  distortions)  are  presented  to  the  two  eyes.  There¬ 
fore,  visual  system  characteristics  of  such  systems,  exceot  those  which 
are  primarily  associated  with  stereopsis  or  with  image  depth  effects, 
are  included  in  this  section. 

Among  those  binocular  visual  system  characteristics  which  may 
produce  noticeable  or  bothersome  effects  are  the  following: 

1.  Horizontal  and  vertical  disparities. 

2.  Image  size  differences  (differential  magnification) . 

3.  Binocular  image  distortion  and  astigmatism  differences. 

The  perceptual  or  vi suo-physiological  effects  which  may  be  experi¬ 
enced  by  the  simulator  display  user  are  described  in  the  following 
sections,  along  with  the  presentation  and  evaluation  of  applicable  data 
derived  from  the  literature.  Each  binocular  characteristic  or  effect 
elicits  unique  or  significantly  different  perceptions  or  reactions  from 
the  observers. 


HORIZONTAL  AND  VERTICAL  DISPARITIES 

Distortions  in  optical  systems  which  produce  severe  binocular 
deviations  or  aniseikonic  effects  are  *ound  infrequently  in  modern 
technology  systems;  although,  they  occasionally  result  as  a  side  effect 
of  design  features  requiring  compromise  in  the  quality  of  the  image.  An 
analogous  example  is  found  in  the  design  of  some  recent  aircraft  wind¬ 
shields,  in  which  the  requirements  for  bird-strike  protection  and  com¬ 
plex  curvatures  result  in  aniseikonic  and  astigmatic  binocular  images, 
as  well  as  in  more  random  ray  deviations.  The  question  of  whether  the 
visual  simulation  system  designed  for  flight  training  for  this  aircraft 
should  reproduce  these  anomalies,  through  scene  or  optical  system  degra¬ 
dation,  is  an  important  one  but  not  within  tne  scope  of  this  contract. 
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A  more  relevant  example  would  be  the  refractive  doublet  virtual  image 
systems  (shown  schematically  in  Figure  6  from  Kahlbaum,  1977)  in  which 
aberrations,  particularly  chromatic,  can  be  a  major  design  problem  and 
where  binocular  differences  in  magnification,  astigmatism,  disparity, 
and  apparent  image  distance  may  affect  perception. 

In  distortions  categorized  as  binocular  deviations,  all  correspon¬ 
ding  parts  of  the  two  (left  and  right)  images  do  not  fall  on  correspon¬ 
ding  points  on  the  retina  as  is  basically  needed  for  single  or  fused 
vision.  However,  precise  points  of  correspondence  are  not  necessary, 
since  locations  falling  within  a  small  area  ("Panum's  area")  surrounding 
the  corresponding  point  also  result  in  a  single  binocular  image.  Al¬ 
though  there  is  some  controversy  about  whether  these  areas  represent 
true  physiological  relationships  or  are  artifacts  of  resolution  limits 
(LeGrand,  1967),  the  effect  is  to  facilitate  single  binocular  vision. 

The  extent  of  these  areas  (sometimes  referred  to  as  the  disparity  thres¬ 
hold  for  diplopia  or  DTD),  as  measured  in  the  horizontal  meridian,  was 
found  by  Panum  to  average  15  to  20  minutes  of  arc  (Borish,  1970). 

Carter  found  the  size  of  the  area  to  vary  from  6  to  15  minutes  of  arc  at 
the  fovea  to  30  to  40  minutes  of  arc  at  a  distance  of  10  to  15  degrees 
off  the  fixation  point  (Borish,  1970).  Also,  Shepherd  found  the  size  of 
the  areas  to  vary  from  5  to  26  minutes  of  arc  horizontally  to  3  to  4 
minutes  vertically  (Borish,  1954).  A  spatial  representation  of  the 
binocular  single  vision  region  for  data  reported  by  Ogle  (1962)  is  shown 
in  Figure  7  .  An  Increase  in  the  extent  of  Panum's  fusional  areas  with 
peripheral  visual  angle  is  shown  in  Figure  8. 

Optical  distortions  which  result  in  binocular  deviations  exceeding 
the  above  limits  may  produce  perceptual  effects  including  double  ima¬ 
ging,  retinal  rivalry,  accommodation  changes,  blurring,  and  changes  in 
apparent  depth  or  distance  of  scene  elments.  The  double  imaging  or 
localized  diplopia  may  be  suppressed  for  many  observers  by  the  influence 
of  the  dominant  eye,  in  which  only  the  disparate  image  to  that  eye  is 
perceived.  In  cases  where  the  disparity  is  less  than  the  diameter  of  the 
scene  element  involved,  blurring  of  the  element  may  result  if  there  is 
incomplete  suppression  of  one  of  the  elements.  One  of  the  most  inter¬ 
esting  of  the  perceptual  phenomena  resulting  from  localized  binocular 
deviations  and/or  distortion  or  accommodation  differences  is  discussed 
in  a  later  section  of  this  report,,  and  involves  a  binocular  montage  in 
which  a  "good"  fused  image  is  extracted  from  two  degraded  images. 

Only  limited  data  have  been  found  on  comfort,  visual  fatigue,  or 
other  decrements  in  visual  performance  as  a  result  of  binocular  devia¬ 
tions  which  involve  a  relatively  small  portion  of  the  displayed  scene. 
Some  recent  data  indicate  that  localized,  binocular  deviations  can 
affect  pilot  performance  in  a  flight  simulator  (Kraft,  Elworth  &  Ander¬ 
son,  1978).  Vertical  and  horizontal  components  of  binocular  displace¬ 
ments  in  the  image  were  determined  utilizing  measurements  of  the  ele¬ 
ments  in  a  resolution  target  photographed  through  a  simulated  windscreen 
panel.  Binocular  deviations  were  measured  for  four  levels  of  image 
quality  panels  which  were  placed  n  the  windscreen  frame  In  a  727-200 
flight  simulator.  The  two  groups  of  pilots  (eight  in  one  study,  six  in 
the  other)  flew  straight-in  visual  approaches  while  viewing  the  CGI 
visual  runway  through  the  distortion  panels.  Figure  9  shows  that  a  high 
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recommends  a  limit  for  vertical  disparity  of  17  arc  -mutes,  and  lreo'5r 
(  1972)  reccranenaed  a  tolerance  level  of  15  arc  minutes. 

In  evaluating  tne  effects  of  vertical  dis-ari ties,  t  :$  imoortant 
to  note  that  in  normal,  natural  v'sion,  ocjects  seen  at  '•elatively  close 
distances  present  vertical  disparities  for  all  points  above  or  celcw  tne 
visual  plane,  except  these  falling  in  the  median  olane  (Ogle,  1962'. 

That  these  off-axis  disparities  do  not  normally  produce  bothersome 
rivalry  or  diplopia  C3n  be  attributed,  at  least  partially,  to  the  *act 
that  visual  acuity  decreases  raoidly,  and  3anumls  areas  increase  w’th 
increasing  distance  of  the  object  point  from  the  -ixation  ooint.  In 
Ogle's  study  of  vertical  disoarities  and  depth  oercepticn,  it  was  obser¬ 
ved  that  tne  stereoscopic  deotn  perception  was  maintained  even  wnen  the 
disoarities  were  large  enough  to  cause  a  doubling  of  the  images.  Figure 
12  ('r'om  Farrell  i  Booth,  1975)  presents  data  from  four  different 
experimenters  that  were  summarized  by  Mitchell  (1966).  As  can  be  seen, 
there  is  considerable  variance  in  the  findings  for  the  vertical  dispar¬ 
ity  limits  of  single  vision  and  in  the  rate  of  increase  as  a  function  of 
distance  from  the  fixation  point. 

Except  for  the  previously  discussed  questionnaire  data  on  discom¬ 
fort  with  vertical  and  lateral  disparities  gathered  by  Kraft,  et  a!., 
(1973),  Gold  (1972)  reported  the  only  other  data  found  on  comfort  levels 
with  vertical  disparities.  As  with  diverging  lateral  disparities,  a 
recommended  limit  of  3.4  arc  minutes  was  designated  for  vertical  dispari¬ 
ties. 


Vertical  Misalignment 

In  visual  simulator  designs,  such  as  the  refractive  doublet  virtual 
image  system,  distortions  are  less  likely  to  produce  bothersome  dispari¬ 
ties  in  local ; zed  areas  as  they  are  a  more  generalized  shift  in  binocu¬ 
lar  disparity  or  vergences  as  the  head  is  displaced  horizontally  off  the 
primary  axis.  Using  the  geometric  relationship  depicted  in  Figure  13, 
Kahlbaum  (1977)  calculated  generalized  horizontal  and  vertical  dispari¬ 
ties  for  different  lateral  head  displacements  and  for  various  rield 
angles  for  tne  refractive  doublet  and  also  for  a  refractive  triolet 
system  (Figure  14).  The  data  cn  lateral  disparity  will  be  discussed 
under  the  topic  ’Lateral  Vergence.'Co  11  "'mation/'Inage  Distance  Error." 
Kanlbaum's  calculated  data  r*o»-  overall  vertical  disparity  (Figure  15) 
indicate  "increasing  disparity  with  increasing  head  displacement  or  with 
increasing  *ieid  angle.  T’-e  maximum  head  displacement  utilized  was  3 
cm,  wnic.h  resulted  in  calculated  vertical  disparities  of  about  7.5  arc 
mi nu tes . 


cor  two  optimized  designs  £or  a  wide-angle,  multiviewer  (viewing  volume 
c*  5  x  3  x  1.5  feet)  infinity  display  system  for  flight  simulators, 

Fhinenart  ' 7  977 ‘  reported  vertical  disparity  values  ranging  between  * 

.23  degree.  From  the  ’-ear  corners  of  the  viewing  volume,  this  range 
■ncre3sed  to  t.  .32  decree. 

'he  set o'” i ” at i or.  of  detection  thresholds  and  tolerance  levels  eor 
vertical  ti saligrneot  of  the  images  to  the  two  eyes  is  an  unpredictable 
prcccsi V :n.  This  is  due,  in  part,  to  tne  fact  that  in  natural  viewing 
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As  the  results  obtained  by  the  four  different  exes'"' "S":-- 
I,  II,  III,  and  IV  illustrate,  there  is  ruch  disagreement 
the  rate  of  increase. 


12.  Variation  in  disparity  tolerance  with  ■'etinai 
(Farrell  &  3ooth,  1975) 
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Figure  15.  Vertical  binocular  disparity. 
(Kahlbaum,  1977) 
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situations,  tnere  normaily  is  no  vertical  mi  sal i gnmert  of  tne  o venal' 
images,  as  compared  to  tne  small  ana  variable  disparities  ;ncuced  ■ n 
off-axis  portions  of  tne  image.  It  would  oe  predicted,  therefore,  tnat 
tne  observer  would  oe  mere  sensitive  to  vertical  misalignment  tran  to 
horizontal  misalignments  where  tne  cenvergencs/di verge.nce  mec.nani sm  of 
the  eyes  is  more  or  less  constantly  making  adjustments  in  the  interest 
of  fusion  and  where  Horizontal  disparities  are  accepted  as  representing 
displacements  in  depth.  Support  for  this  proposition  is  cound  ip.  tne 
vertical  versus  Horizontal  extents  of  Panum's  rusicnal  areas  .2  to  4  arc 
minutes  vertical  vs.  5  to  5  arc  minutes  horizontal,  as  reported  'n 
Sorisn,  195*1) .  Similar  data  were  found  by  Farrell  and  Bcotn  '1975)  in  a 
preliminary  study  of  tne  variability  in  tne  vertical  alignment  of  a 
stereo  pair  of  images  by  six  observers.  Although  absolute  alignment 
errors  were  not  available,  individual  standard  deviations  ranging  *-cm 
3.2  to  7.3  arc  minutes  were  found  with  an  average  o*  5.2  arc  minutes. 

Tolerances  to  vertical  misalignment,  on  tne  otr.er  nano,  may  oe  ~cre 
than  an  order  of  magnitude  larger  than  t.nese  "detection11  thresholds. 
Crook,  Anderson,  3ishop,  Hanson  £  Raben  .'1562)  reoortea  tnat  with  long 
adaptation  periods  and  dedicated  observers,  satisfactory  fusion  could  oe 
maintained  with  up  to  3  degrees  of  vertical  misalignment,  darker  and 
Henderson  (1956)  reported  an  unsubstantiated  finding  of  satisfactory 
vision  with  up  to  1  degree  of  vertical  misalignment.  In  reports  *>cm 
cases  in  a  refraction  clinic  (3ureau  of  / isual  Science,  1553),  it  was 
reported  that  blurring  or  doubling  of  the  image  typically  occurred  "In 
the  34  to  102  arc  minute  range  of  divergence.  It  should  be  noted, 
however,  that  in  the  clinic  situation,  visual  discomfort  was  often 
experienced  with  vertical  misalignment  values  below  tnese  'evels. 

The  effect  of  vertical  misalignment  on  a  visual  tas<,  ;n  this  case 
a  simole  relative  distance  stereo  test,  was  also  examined  in  the  stuoy 
by  Harker  and  Henderson  (1955).  Figure  15  depicts  tne  relative  response 
time  and  relative  error  rate  for  tnree  levels  of  vertical  misalignment; 
0,  17,  and  34  minutes  of  arc.  Detrimental  efrects  are  shewn  pn  cotn 
dependent  measures  for  both  17  and  34  arc  minutes  of  vertical  misalign¬ 
ment. 

It  should  Oe  noted  that  vertical  misalignment  o*  images  is  par¬ 
tially  compensated  cor  by  fusional  movements  of  tne  eyes  ( di overgerce' 
whicn  serve  to  recuce  tne  misalignment  to  w'tr.in  fixation  disparity 
limits.  The  amplitude  of  fusior.a!  movements  is  dependent  upon  several 
factors,  among  them  the  complexity  o*  tne  stimuli,  ooservation  time, 
individual  var’aoi 1 i ty,  tne  amount  o*  'mace  misalignment,  arc  tne  visua* 
field  location  of  tne  disparate  stimuli.  T’-e  effects  of  tne  latter  two 
factors  are  shewn  in  Figure  17  (from  Aloern,  1362).  while  these  fusio¬ 
nal  movements  may  tend  to  reduce  tne  effects  of  image  misalignment  on 
visual  performance  (acuity,  stereo,  target  detection,  etc.),  they  will 
increase  the  orocability  of  observer  discomfort,  eye  strain  ana  -'atigue. 

Image  Rotation  Differences 

In  addition  to  image  misalignment  'In  tne  nor’zontal  and  vert' cal 
xerid'ans,  ;t  is  possible  tnat  a  ccmpination  of  tnese  two  misalignments 
may  exist  tnat  can  oe  described  as  a  rotational  misalignment  o**  d' *~er- 
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-r'vje  oetween  the  images  to  she  two  eyes.  Such  a  '•ctaticnal  oi fference  ;s 
rot  >'kely  to  be  large  enough  to  be  significant  in  monoscooic,  piccular 
o:$plays,  but  may  occur  in  oinocular  systems  such  as  helmet-mcunted 
o- so  lay  systems. 

Since  rotational  misalignment  can  be  broken  down  into  vertical  ana 
Horizontal  components,  it  is  not  unreasonable  to  consider  the  detection 
trresnolds  and  tolerance  limits  for  these  components  to  be  aoplicable  to 
rotational  misalignment.  From  this  standpoint,  and  since  vertical 
misalignment  is  genially  more  critical  in  terms  of  effects  cn  perfor¬ 
mance,  discomfort,  an1  eye  strain,  it  is  reasonable  to  use  these  values 
as  tentative  rotational  thresholds  and  tolerances. 

The  horizontal  comoonent  of  rotational  misalignment  should  be  given 
spec -al  consideration,  however,  because  of  a  unique  rel at'cnsh’o  not 
:een  in  cases  of  simple  vertical  or  horizontal  mi  sal ’ gnrent .  Opposite 
notation  of  the  two  images  about  a  central  fixation  point  produces 
Horizontal  disparities  along  the  vertical  meridian  in  which  those  disolac 
rents  above  the  fixation  point  are  opposite  in  direction  (and  in  per- 
se'ved  depth)  to  those  below  the  fixation  point.  For  example,  if  a 
:mn,  vertical  bar  is  rotated  clockwise  for  the  rignt  eye  and  counter¬ 
clockwise  in  the  image  to  the  left  eye,  the  integrated,  fused  perception 
’s  of  a  single  bar  rotated  in  the  third  dimension  around  a  horizontal 
ax's  through  the  fixation  point  or  center  of  rotation,  with  the  top  of 
:~e  bar  tilted  away  and  one  bottom  tilted  toward  the  observer.  Figure 
IS  ^rom  Ellerbrock,  1954}  depicts  this  situation.  This  tilting  of  the 
'■’-onco-paral lei  plane  is  most  prevalent  with  a  vertical  stimulus  such  as 
a  line  or  bar  and  least  for  a  complex  scene  or  series  of  horizontal 
oars.  For  the  latter  case,  the  induced  disparity  is  mostly  vertical  and 
consequently  the  eyes  tend  to  cyclorotate  in  the  interest  of  maintaining 
fusion.  The  data  depicted  in  Figure  19  (from  Ogle  &  Ellerbrock,  1946) 
illustrate  the  effects  of  increasing  the  number  of  horizontal  contours 
and  therefore  vertical  disparities)  upon  the  cycl ofusional  movements  of 
one  eyes  when  an  oblique  cross  is  utilized  as  a  stabilizing  stimulus. 

?g’e  and  Ellerbrock  found  that  under  some  stimulus  conditions,  subjects 
could  make  very  precise  cyclofusional  "corrections,"  with  standard 
legations  of  less  than  5  minutes  of  arc. 

In  a  study  by  Kertesz  (1973),  tolerances  to  image  cyclorotation 
we,‘e  measured  for  a  single  line  versus  50  horizontal  lines,  and  for 
Oise  lay  field  radii  from  1  to  5  degrees.  The  results  are  depicted  in 
r;gure  20  (Study  I)  along  with  those  (Study  II)  from  an  investigation  by 
.rz't  (1963).  In  this  second  study,  oDservers  were  asked  to  eliminate 
'•ctat’onal  differences  in  stereo  pairs  of  a  depth  perception  test.  The 
E'.n  to  95th  percentile  error  range  (1.0  to  2.2  degrees)  is  depicted  in 
tr.e  *igure.  Although  the  stimuli  were  considerably  different  in  these 
two  studies,  the  results  can  be  taken  as  illustrative  of  the  differences 
m  detection  thresholds  versus  tolerance  levels  for  rotational  errors  in 
displayed  imagery.  In  a  recent  study  of  the  effect  of  cyclopnoria  on 
one  pilot’s  perception  of  the  runway  plane  (Kraft  et  al.  1979),  it  was 
■ :  ,rd  that  ±  2  degrees  of  image  cycl orotation  oroduced  significant 
"inges  both  in  the  oerceivea  depth  relationship  of  vertically  adjacent 
d'sc  stimuli  and  in  the  estimated  aporoacn  angle  to  the  runway  plane 
ioove1  or  "below1  glides  lope). 


Study  I:  Kertesz,  1973 
Study  II:  Kraft,  1963 


Figure  20.  Tolerance  for  image  rotation 
(Farrell  4  3ooth,  1975) 
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::~'ere‘;ces  (differential  vagnificaticn) 

■  - • vC" ~  a 

"•-'•actve  /irtual  'mage  systems,  image  size  differences  between 
-s  may  '•esuit  from  geometrical  distortions  having  tne  zasic 
.  Stic  oeoicted  in  Figure  21  (Kahlbaum,  1977).  Cx  course, 

-age  size  differences  (aniseikonia)  may  also  result  frcn  a 
.  .  ;-‘-'erence  in  the  refractive  power  between  the  two  eyes  of  the 
out  these  anomalies  are  less  frequently  found  In  allot  ocoula- 
:  .e  to  the  visual  screening  process.  This  analysis  will  be  con- 
:  ::  ‘mage  size  differences  and  other  aniseikonic  effects  origina- 
•-  -r.e  visual  simulation  system  optics,  but  may  also  be  aopl  ’caole 
..z-i-r-vers  with  natural  aniseikonia  or  with  refractive  cory'ecti  or. 


Viure  22  presents  the  findings  of  Ogle  (1950)  from  a  survey  of  230 
:  ana  ’nstructor  pilots,  along  witn  tne  results  reported  oy  Ewalt 
on  100  consecutive  patients.  Remarkably  similar  oata  are  shown 
vre  23  for  findings  by  Burian  (1943)  on  two  similar  populations. 
:ata  can  be  compared  with  those  of  others:  Burian  (cited  by  Duke- 
.  1:549)  found  that  33  percent  of  a  student  body  exhibited  measu- 
•ncunts  of  aniseikonia  with  70  percent  of  these  having  up  to  1 

■  size  differences,  23  percent  with  1  to  2  percent,  and  7  percent 

■  zoese  raving  more  than  2  percent  size  differences;  Ouke-Elder,  him- 
v,  estimated  that  20  to  30  percent  of  the  population  wearing  g'asses 
*  •'a red  a  measurable  degree  of  aniseikonia  (3orisn,  1970).  At  tne 

\  -~e,  Alaimo  (1954)  reported  an  35  percent  incidence  of  measurable 
is: konia  in  327  cases. 

In  kahlbaum’ s  analysis  of  the  refractive  triplet,  he  founa  as  much 
."  oercent  magnification  differences  with  3  cm  of  lateral  head  dis- 
vvont  and  witn  a  horizontal  field  angle  of  15  degrees.  The  data  for 
‘.ne  doublet  and  triplet,  with  both  vertical  and  horizontal  field 
,  are  shown  in  Figure  24.  Observations  through  the  refractive 
•;  v  -esulted  in  no  noticeable  loss  in  binocular  fusion.  Kahlbaum  had 
v’anation  for  the  aooarent  lack  of  fusional  disturbance  as  might  oe 
v  vd  by  the  recommended  tolerance  limit  of  a  2  percent  size  dixxer- 
;  • yen  in  MIL-HD6K- 141 .  It  should  be  noted  however,  tnat  size 
:nces  exceeding  5  percent  were  found  only  in  the  case  with  hcrizon- 
•’eld  angles  of  15  degrees. 

re  detection  threshold  for  image  size  differences  nas  seen  ro- 

-  t  j  oy  several  investigators.  LeGrand  (1967)  indicates  that  a  dis- 

.25  percent  can  be  appreciated  by  some  observers.  A  detection 
'  w  Id  of  aoout  .25  percent  was  also  repcrted  by  several  others :v;r 
1909; ,  Fischer  (1920),  Tscnermak  ■  1924) ,  rierzau  )  1929'  ,  and  Ames , 
w  ar.c  Egle  1  19321. 

'  .-e-EIoer  and  Abrams  (  1970)  -eoort  that  a  sloe  di -'-‘erence  of  one 

-  ■  general  ly  caused  visual  oroolems  in  the  refraction  tend,  ana 

j  considered  as  tne  level  wnere  significant  symptoms  or  efxects 
-t  least  two  design  handbooks,  MIL-H0BK-141  (1962)  and  Scecix‘- 
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Figure  ?4.  Binocular  magnification  differences  (Katilbaum,  1 
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cations  for  Mi rror  Stereoscoces  oy  S.  A.  Hempen i js  1562}  also  recommend 
a  limit  of  1  to  2  oercent  image  size  difference  for  various  optical 
instruments . 

Image  size  differences  smaller  tnan  i  oercent  may  cause  discomfort 
and  affect  performance.  Enoch  (1975)  reported  that  levels  of  .25  to  .50 
percent  caused  visual  discomfort  and  constant  variacle  errors  in  a 
contour  mapping  task  performed  by  pnotogrammetri sts ,  alt.nougn  Eicrarcs 
(1962)  reported  consistent  visual  strain  likely  only  at  levels  exceeding 
1  to  2  percent.  Puig  (1973)  recommended  a  tolerance  limit  of  two 
percent  after  reviewing  some  of  the  aoove  mentioned  reports. 

With  the  space  eikonometer  developed  by  Ames  (1945),  Ogle  and 
Ellerorock  (1945)  report  sensitivities  (standard  deviations;  to  -mage 
size  differences  of  .05  percent  for  the  horizontal  meridian  and  .07 
percent  *or  tne  vertical  meridian. 

Tolerance  levels  for  magnification  differences  can  be  related  to 
the  limitations  on  vertical  misalignment  as  developed  earlier.  Figure 
25  (from  Farrell  &  3ooth,  1975)  provides  the  transformation  of  5,  10, 
and  20  arc  minutes  of  vertical  misalignment  (My)  to  image  size  dif¬ 
ferences  as  a  function  of  the  image  field  size  around  the  fixation 
point.  It  can  be  seen  that  a  vertical  misalignment  tolerance  of  10  arc 
minutes  and  a  critical  field  size  (radius)  of  20  degrees  would  translate 
into  a  size  difference  of  about  .3  percent. 

Anamorohic  Magnification 

When  differential  magnification  is  primarily  in  the  Horizontal  meridian 
(anamorphic  magnification),  a  distortion  of  the  frontc-paral lei  plane  is 
observed  in  which  the  plane  is  perceived  as  rotated  around  a  vertical 
axis  which  runs  through  the  fixation  point.  Figure  25  (from  Duke-E'der 
&  Abrams,  1970)  illustrates  this  rotational  distortion  for  a  right-eye 
image  size  larger  than  that  of  the  left  eye  (the  geometric  relationships 
have  been  condensed  by  illustrating  simply  two  different  image  plane 
extents,  A8  and  A ’ 3 1  ) .  For  the  relative  horizontal  magnification  in  the 
right  eye  (as  diagrammed),  the  right-hand  portion  of  tne  image  plane  is 
seen  as  displaced  fartner  away  ana  enlarged,  ana  the  "le^t-hand  portion 
as  displaced  nearer  and  relatively  smaller.  The  geometric  explanation 
for  this  perception  is  shown  by  the  image  points  "C"  and  "O’  which 
represent  the  object  points  in  space  necessary  to  produce  t.nese  visual 
angle  relationships  for  tne  two  eyes  under  normal  ,  non-anisei  kon:' ; 
conditions.  The  plane  "C3“  therefore  represents  tne  perceived  'mage 
plane  under  horizontal  anise-l kon-'a . 

It  is  known  that  this  type  of  meridional  distortion  attenuates 
stereo  acuity  performance  (Kraft,  1972  S  Kraft,  Anderson,  E'wortn  1 
Larry,  1977)  It  would  seem  reasonaole  to  hyootnesize  t.nat  target 
detection  and  motion  detection  thresnolds  would  also  be  avectea;  tut 
tne  ’-atianale  is  less  certain,  as  tne  effect  on  sterec  acu'ty  may  pe 
partially  due  to  tne  rotation  o*  tne  perceived  'mage  plane  ratrer  tnan 
to  non-corresponcence  of  'mage  contours.  However,  evidence  against  tvs 
oossipility  is  found  in  tne  results  o*  tne  studies  by  Kraft  ,1972)  and 
Kraft  et  al.  1977).  3efpre  reviewing  t.nese  -‘incirgs,  't  -s  appropriate 
to  develoo  tne  ’■elationsnip  of  meridional  aniseikonia  to  overall  mag¬ 
nification  of  tne  ’mage  to  ore  eye. 


distance  from  center  of  field 
70  fixation  point  (degrees) 


SIZE  DIFFERENCE  BE 
IMAGES  'Percent) 


As  noted  earlier,  tne  perceived  rotation  of  the  image  plane  under 
horizontal  aniseikonia  can  be  predicted  by  geometrical  relationsnips, 
and  Ogle  and  3oeder  (1948)  referred  to  this  as  tne  'geometric  effect." 
Vertical  meridional  magnification,  however,  results  in  an  effect  on 
perception  that  is  not  as  easily  explained  geometrically ,  and  Ogle 
(1938)  referred  to  this  as  the  'induced  effect. "  "The  perceptual  effect 
in  vertical  aniseikonia  is  remarkable  in  that  it  also  is  an  apparent 
rotation  of  the  image  plane  about  a  vertical  axis  through  the  fixation 
point.  However,  the  direction  of  image  plane  distortion  is  reversed,  as 
if  a  horizontal  magnification  had  been  induced  in  tne  other  eye. 

Figure  27  presents  data  from  four  subjects  on  horizontal  versus 
vertical  magnification  effects.  As  can  be  seen,  the  induced  effect  is 
similar,  but  opposite  in  direction,  to  the  geometrical  effect  up  to 
acout  2  percent  magnification,  at  which  point  the  induced  effect  tends 
toward  a  limiting  value  and  then  is  reduced  as  differential  magnifi¬ 
cation  continues  to  increase.  In  a  detailed  analysis  of  the  induced 
effect.  Ogle  (1962)  concluded  that  a  psychological  compensation  mech¬ 
anism  was  most  likely  responsible  for  this  unique  phenomenon. 

One  significant  aspect  of  the  induced  and  geometrical  effects  for 
vertical  and  horizontal  aniseikonia  can  be  seen  in  their  relationship  to 
overall  or  omni -meridional  magnification  of  the  image  to  one  eye.  These 
effects  would  predict  that  the  combination  of  horizontal  and  vertical 
magnification  in  tne  same  image  should  produce  offsetting  or  nullifying 
effects,  i.e.,  rotations  in  opposite  directions  which  would  cancel  eacn 
other.  This  does  indeed  appear  to  be  what  happens,  since  overall  ani¬ 
seikonia  results  in  very  little  distortion  of  the  image  plane. 

It  might  be  erroneously  concluded  that  overall  aniseikonia  would 
result  in  little,  if  any,  decrement  in  stereo  acuity.  In  fact,  such  is 
not  the  case,  as  the  following  studies  show. 

Stereoscopic  Discrimination  and  Aniseikonia 

For  a  non-pilot  population  working  on  a  stereoscopic  discrimination 
task,  an  overall  differential  size  of  the  retinal  image  attenuated 
performance  significantly  (Kraft,  1972).  The  effect  of  the  right  eye 
having  a  2  percent  larger  retinal  image  than  the  left  eye  lowered  the 
performance  of  eight  observers  viewing  stereoscopic  slides  in  a  binocu¬ 
lar  microscope.  The  average  score  for  this  group  of  observers,  with  no 
size  differences,  was  equivalent  to  the  82  percentile  of  a  normal  popu¬ 
lation.  With  differential  sizes  on  the  retina,  their  average  score  was 
lowered  to  the  equivalent  of  the  55th  percentile,  a  difference  of  17 
percentiles.  However,  the  effect  of  naving  a  differential  magnification 
in  which  the  image  was  expanded  along  one,  instead  of  all  meridians,  did 
not  significantly  affect  the  overall  stereoscopic  skill  of  the  observers. 
These  results  were  common  when  the  meridian  expansions  were  horizontal 
vs.  vertical,  or  45  degrees  vs.  225  degrees  (see  conditions  3  and  4  of 
"igure  22). 

The  discomfort  ratings  by  these  eignt  individuals  indicated  that  all 
conditions  of  differential  retinal  size  gave  discomfort.  The  eight 
subjects  were  as<ed  to  rank  the  three  trials  in  each  session  as  to  which 
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gure  27.  Typical  data  obtained  with  tilting  plane 

geometrical  (magnification  noriccntal;  an:  •• 
Cmagnification  vertical)  effects.  Observa:-' : 
distance  was  40  cm.  (From  Ogle:  In  ~he  Ey°  . 
H.  Oavson,  Ed.,  1962). 
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conditions  orov’ced  the  greatest  discomfort  '  1.0,'  to  tne  least  ais- 
coii.fort  (3.3;.  The  procedures  orovidea  eignt  ratings  for  toe  ’tra" ni rg  1 
condition  anc  sixteen  ratings  were  given  for  eacn  of  the  experiments 1 
conditions,  '"he  '•esc  its  are  seen  in  -igure  23.  Six  of  tne  eight  sub¬ 
jects  experienced  ranked  discomfort.  Two  of  ere  six  experienced  rear 
nausea  during  cneir  first  session,  and  two  suffered  only  mile  discom¬ 
fort.  Symptoms  were  descri  ted  as  'eye  oul‘,"  curning,  water-:  ng  o~  t.re 
eyes,  and  sustained  headache,  "here  was  some  decrease  in  the  discomfort 
as  a  function  of  exoerience  with  the  size  lenses,  "he  indication  r ere 
is  that  tne  aniseikonic  variable  of  overall  size  orange  versus  mer;cic- 
nal  size  orange  may  -nfluence  tne  visual  performance  o~  a  stereoscccic 
task  differently  tnan  would  oe  predicted  *rom  tne  reporting  a*  apparent 
distortions  on  discomfort. 

"hese  '•“suits  were  jsea  ’in  developing  the  specif -‘cations  *or  the 
visual  displays  used  in.  tr,e  Seeing  ‘light  training  simulators.  Within 
the  eye  reference  envelope  .z.  2.25''  lateral,  ±_  3.3"  vertical  anc  ±  2.3" 
longitudinal  space),  the  right  and  left  eye  image  do  not  differ  by 
greater  than  1.3  percent  in  size.  The  visual  system  nas  been  n  opera¬ 
tion  now  for  3  years  and  no  complaints  have  been  received  about  heao- 
acnes  or  other  discomfort,  and  no  perceived  distort'ons  have  been  re¬ 
ported  by  instructors  or  trainees.  The  operational  experience  tnerefore 
supports  the  use  of  the  1.0  percent  aniseikonia  limit  based  on  the 
preliminary  experimental  study. 

Effect  of  Magnification  Distortions  in  Windscreens 

In  an  experimental  study  des-gned  to  ascertain  tne  -influence  of 
magnification  errors  in  windscreens,  a  similar  study  was  unce'-taxen  but 
without  tne  use  of  size  lenses  (Kraft,  Anderson,  Elwcrth,  1  Larry, 

1977).  'he  objective  was  to  determine  whether  differential  magnifica¬ 
tion  would  alter  visual  stereoscopic  performance.  A  Critical  ."'men 
Stereo  'est  was  made  with  incremental  size  differences  between  tne  rignt 
and  left  members  of  the  paired  stimuli.  ~wo  stereoscopic  pairs  at  eacn 
of  four  levels  of  size  difference  were  mace;  pairs  A  and  3  were  printed 
so  that  tnere  was  zero  difference  between  tne  two  images;  pairs  C  and  3 
had  1.7  percent  i  '-crease  of  one  image  over  the  other,  pairs  3  ana  H  nad 
3.5  percent,  and  pairs  E  and  F  nad  7.5  percent  size  differences. 

cor  eacn  of  the  four  stereoscopic  pa'rs,  tne  threshold  was  calcu¬ 
lated  as  a  function  of  the  mean  size  increase.  The  results  indicated 
tnat,  for  a  group  of  six  pilots,  tne  average  threshold  with  equal-sized 
"mages  was  3.2  arc  seconds,  wnile  a  1.'  oa'-cent  difference  in  size 
increased  the  t.nresnold  to  11.9  arc  seconds,  "or  tne  3.5  percent  size 
difference,  tne  threshold  was  10. 5  arc  seconas.  "he  7.5  percent  s"ze 
change  raised  tne  threshold  to  29.3  arc  seconds.  This  3.5  times  in¬ 
crease  in  t.nresnold  with  a  magnification  difference  between  the  two  eyes 
of  7.6  oercent  raised  the  threshold  almost  to  the  USAF  pilot  acceptance 
t.nresnold  of  32  arc  secords.  If  windscreen  standards  allowed  an  3 
percent  difference  in  magnification  between  any  noM zonta 1 ‘y  seoarated 
y .  g  *■-  2  5  ;  nenes '  3rQas  of  ‘"-e  windscr00^,  a  diff“r“r.  ‘'el  ‘'acn'f-‘a- 
t-cn  between  the  pilot’s  rignt  and  left  eyes  wCuId  occur  wrier  sreu'd 
imeose  stereoscopic  performance  changes  equivalent  to  tnat  **curd  "n  this 
study  (r"gure  29). 


Another  way  of  assessing  the  effect  of  this  'Magnification  is  to 
convert  these  results  into  percentiles.  The  pilots  performed  on  the 
zero  size  difference  at  the  equivalent  of  the  94th  percentile  (eaual  to 
or  better  than  94  percent  of  the  young  college  population;.  With  the 
1.7  percent  change  in  ’.mage  size,  the  percentile  drops  to  the  53rd. 

With  the  3.6  percent  change  in  size,  the  percentile  increases  sligntly 
to  the  57th.  With  the  7.6  percent  size  change,  tne  same  pilots  could 
discriminate  depth  better  than  only  the  lower  fifth  of  the  college  coco 
lation  (20th  percentile). 


The  influence  of  the  1.7  percent  change  in  image  size  for  these 
pilots  imoosed  a  41  percentile  decrease  in  their  performance .  This 
larger  change,  compared  with  17  for  the  non-pilots,  may  have  its  ex¬ 
planation  in  the  differences  between  these  stjdies.  It  is  therefore  no 
advisable  to  attribute  these  results  solely  to  differences  between  t^e 
non-pilot  and  pilot  populations.  The  non-pilots  were  highly  practiced 
visual  observers,  such  as  photoi nterpreters ,  and  photogranmetri sts. 

The  non-pilots  used  very  small  photographic  reproductions  of  the  image’" 
and  size  leases  to  impose  the  different  image  sizes,  '"he  display  devic 
was  a  micro- cope  set  for  !5x  magnification.  Cor.para ti vely,  the  pilots 
had  some  infrequent  experience  with  stereoscopic  tests,  used  a  Troposcc: 
with  1.25>c  magnification  and  larger  ohotographi :  reproductions  sr  the 
stimulus  materials.  The  size  differences  were  incorporated  into  the 
photographic  images  and  tne  number  of  trials  were  one-fourth  as  many  as 
the  non-pilots  made.  Tne  inclusion  of  data  pertaining  to  the  influence 
of  windscreens  on  pilot  performance  is  particularly  germane  in  that, 
for  the  F-lli,  tne  comp,  uno  curved  windscreen  with  a  68-degree  inclin¬ 
ation  is  part  of  tne  display  system  in  this  aircraft's  simulator. 


There  are  two  ways  in  which  effect"  of  horizontal  aniseikonia 
ray  be  especially  relevant  to  flight  si  mu1 at" on  and  for  wnich  no 
direct  data  have  been  uncovered.  These  are  represented  by  the 
following  cues'. ions: 


1.  How  does  this  type  of  ->age  plane  distortion  affect  the 
detection  threshold  for  an  approaching  object  lai rcraff 

-.  How  does  the  rotational  distortion  of  tne  image  plane  affect 
the  recognition  of  the  direct/ on  of  travel  of  a  detected 
moving  object  '/aircraft)? 

These  two  questions  form  the  basis  for  the  design  of  the  exper-'mer 
study  of  horizontal  aniseikonia  contained  in  the  Experimental  Designs  s 
'ion  in  Appendixes  C  to  I. 


3 i’iOCJLAP  IMAGE  DISTORTION  AND  ASTIGMATISM  DIFFERENCES 


Accomodation  error,  astigmatism  and  other  lensatic  aberrations 
have  perceptual  effects  which  are  of  concern  i n  establishing  visual 
system  design  criteria.  In  this  section,  however,  the  discussion  will 
be  .entered  ucon  the  “fleets  of  differences  in  the  amount  or  distribu¬ 
tion  r  i  i  s  tort ;  urs  ,  col  I  i-’at'on  er-or,  astigmatism,  etc.  suffered  by 
tne  im-vps  To  tne  two  eyes.  In  k-ih!  baud' •;  19~7 .  .peculation  of  ast'i- 
'■•i:  r  •  ".i  ••  a  :•  •  •  •  e  ■>.  h«'  “V:  “ .  .vKt"i  --'ps  i  dering  the  pos " ' ' or 


of  the  two  eyes  o*  the  oos erver  and  allowing  *or  nead  displacement,  tne 
••ays  f  tne  tangential  'an  nave  a  sagittal  component  and  vice  versa  *o r 
tne  sagittal  fan.  'he  geometric  relationships  in  r< gure  2C  were  asec  oy 
kanlbaum  in  calculating  image  distance  arc  astigmatism.  This  carol  ex 
astigmatic  interrelationship  will  prccuce  general  and  /ariaole  degrading 
of  image  quality  "in  oernaos  urpred* ctaol e  amounts.  It  would  seem  '•eascn- 
acle,  ncwever,  tnat  tne  resulting  effect  would  consist  of  levels  o * 
refractive  error  less  tnan  those  calculated  for  simole  astigmatism  in 
tne  same  system.  Errors  ;n  excess  of  <anlbaumls  cncsen  tolerance  o* 

2. 2D  were  *ouna  for  eye  oositicns  beyond  ±.5  cm;  however,  subjectively 
satisfactory  binocular  images  were  achieved.  If  this  effect  can  be 
generalized  to  most  or  al’  systems,  then  it  would  ;e  reasonable  to  case 
cri teri a  *cr  complex  and  differential  astigmatism  on  those  for  sample 
astigmatism.  In  r;gure  31,  the  eduiva’lent  "e'r act' /e  power  *or  tue 
3 1  '  T  2nd  sag'  *1  "t 2 '  S'  ar.d  or 6  ra'.  *  to 0  disoarcc 
t.^ese  owe  planes,  ' . e . ,  One  ’ Ta^e  surface  '  D  olooteo  20  o' 0 

eye  d1 splacements  ‘or  a  typical  refractive  system.  It  can  be  seen  tnat 
tne  two  eyes  may  be  suojected  to  consideraply  different  levels  of  astig- 
mati sm. 

Similar  binocular  differences  may  be  *‘ound  for  other  distortions  or 
acerrations.  The  geometry  for  coll "ration  error  snewn  in,  -’cure  32  and 
for  spherical  aberration  snewn  in  figure  23  -iorton,  Emerick,  5  vount, 
1969)  is  for  a  reflective  (spherical  mirror.'  infinity  display  system, 
arc  shows  tne  increasing  convergence  of  rays  as  a  ‘unction  of  distance 
*rcm  tne  principal  axis,  "he  magnitude  cf  suc.n  errors  in  the  design  of 
a  large,  wide-angle,  multiviewer  infinity  display  system  were  calculated 
Py  fhirehart  (  19771  and  are  snown  in  r*gure  3*1.  Again  wide  variations 
are  found,  in  this  case  as  a  function  o*  viewing  direction. 

when  collimaticn  errors  or  aoerration  e‘*e cts  are  of  tne  same 
magnitude  and  direction  *cr  tne  two  eyes,  tne  perception  ;s  often  ore  o* 
distortion  or  displacement  of  the  image,  when  "significant1  oi**ererces 
exist,  however,  blurring  of  tne  image  is  not  an  unusual  serceot-a' 
effect.  Also,  the  supposition  that  tne  perceptual  effects  ,anc  “ence 
detection  and  tolerance  levels;  ‘or  such  ccndicicns  ~ay  :e  assured  :: 
follow  the  type,  direction,  and  degree  of  effects  *or  slmp'er  -pro 
uniform  distortions  can  be  shown  to  pe  untenaple. 

In  a  proposal  fpr  tne  development  of  visual  inspect* on  tec'^vcues 
*or  tne  evaluation  of  distortions  in  aircraft  windshields  (Seeing  Aero¬ 
space  Company,  1977/  ,  <ra*t  and  Anderson  onotograpned  a  raSo • ^t'pn 
target  matrix  tnreugn  two  portions  (2.5  inenes  apart)  of  a  simulated 
d'storted  winds.nield.  "hese  rarjrosented  the  "images  *'cr  the  two  eyes 
‘‘rom  tne  pilot's  position  and  are  shewn  *n  figure  35.  "he  distortions 
are  evident  (note  tnat  areas  oiurred  in  one  image  are  often  clear  *n  tne 
other;  and  one  might  assume  tnat  the  ‘‘used  "'mace  would  Pe  generally  o' 
poor  quality.  This  however,  is  not  at  all  tne  case,  ‘or  when  ‘used,  tne 
perceived  image  is  cf  generally  high  quality  -  stri singly  so  in  fact. 

"his  acuity  of  the  r  sua'  system  to  select  out  the  nign  quality  por¬ 
tions  of  the  two  ’rages  wren  forming  one  composite  scene  mi d"t  i *  gere-j. 
1  *1  :ao 'e  to  other  distortions,  acerrations,  at:,  lead  to  a  *ai;  ure  or  c-e 
cart  c‘  pilots  or  ocrer  ooservers  to  detect  aro.or  reccrp  distentions 
visual  simulation  d*' splays  that  are  obviously  sucra-thresno’d  /*e wed 

•crocu 1  a  r* y. 


Refractive  power,  diopters 


rigure  32.  Departure  of  ray  from  coll imaticn. 

(Horton,  Emerick  £  Mount,  1969' 


The  failure  to  detect  these  types  of  oinccular  distort:cns  wcul 
not  necessarily  mean,  .now ever,  that  tnev  woulc  rot  af*ect  v’sual  per 
nance  or  cause  eye  strain  and  fatigue.  In  fact,  there  are  sere  data 
wnicn  indicate  that  visual  oer^ornance  can  de  rore  seriously  a**ecte 
one  "good'1  and  one  "poor"  quality  mage  than  by  octn  images  seing 
poor  quality.  In  a  study  using  stereo  pairs  of  a  sensitive  test  of 
stereo  acuity,  Pyle  and  Booth  { 1973)  administered  all  combinations  o 
eignt  levels  of  image  quality  (blur  oy  de-fccusing)  to  five  skilled 
observers.  A  total  of  over  36,000  discriminations  were  made  oy  eac.n 
observer.  The  results  are  depicted  in  Figure  36  and  show  that,  ,vnen 
both  eyes  had  the  poorest  quality  image  (7.27  arc  minute  resolution) 
Dercent  of  the  discriminations  were  correct,  when  t he  "doer1  mage 
one  eye  was  replaced  with  the  'best"  quality  ’image  (19  arc  seconds 
resolution),  the  proportion  of  correct  responses  fal 1  to  25  percent. 
The  best  performance  (31  percent  correct)  was  with  tne  highest  qua T i 
image  in  both  eyes,  as  would  oe  expected. 


PERCENT  CORRECT 


rrncFNT  correct 


SCEME  MISALIGNMENT 


INTRODUCTION 

Scene  misalignment  problems  occur  primarily  at  the  joints  of  juxta¬ 
posed  displays,  although  the  perceptual  characteristics  of  misalignment 
may  also  be  of  concern  in  scene  overlays  or  inserts  anc  in  inadequate 
data  base  management  of  geometric  perspective  in  CIS  scenes.  In  addi¬ 
tion,  aliasing  effects  also  present  apparent  misalignment  character: s- 
tics  to  the  observer  in  raster-formatted  disolays.  However,  since 
aliasing  is  discussed  elsewnere  in  this  report,  this  section  will  oeal 
exclusively  with  misalignment  problems  at  display  joints. 

There  are  two  general  types  of  joints  that  are  of  concern  -in  this 
discussion.  ”he  first  consists  of  those  cases  in  which  two  displays  or 
display  fields  are  juxtaposed  with  the  goal  of  achieving  the  smallest 
possible  gap  or  separation  between  the  two  scenes.  Examples  of  tnis 
situation  include  the  pentagonal,  pancake  "windows"  of  the  Advanced 
Simulator  for  Pilot  Training  (ASPT)  at  Williams  AFS  and  the  front  wind¬ 
shield  segments  of  the  Boeing  7A7  Flignt  Crew  Training  simulator  at 
Seattle.  In  both  cases,  the  actual  windshield  or  canoDy  area  simulated 
is  more  extensive  than  can  be  covered  by  a  single  display,  and  the  edg 
or  gap  between  juxtaposed  display  fields  is  therefore  an  artificial  on 
not  found  in  the  real  world.  In  the  case  of  the  ASP”,  a  set  of  seven 
windows  are  juxtaposed  to  provide  a  3C0 °H  x  1 50  =V  field  of  view.  In 
the  the  747  simulator,  only  two  display  fields  are  juxtaposed,  side  oy 
side,  for  each  of  the  pilot  and  co-pilot  positions,  providing  a  74 5H  x 
30 3 V  forward  field  of  view. 

The  second  type  of  display  joint  of  interest  here  occurs  when  the 
two  display  fields  are  separated  by  a  definite  gap  or  void  which  causes 
a  portion  of  the  scene  to  be  occluded  from  any  normal  viewing  position. 
Usually  the  occlusion  is  the  result  of  a  structure  or  frame  member  of 
the  aircraft  being  simulated  and  therefore  corresponds  to  the  real  world 
situation.  When  these  frame  members  are  a  part  of  tne  simulation  cab, 
the  observer  (pilot,  co-pilot,  etc.)  may  be  able  to  "look  around"  the 
structure  to  pick  jp  the  occluded  portion  of  the  scene  by  simply  moving 
nis  head  sideways.  In  many  situations,  this  frame  memoer  may  be  con¬ 
veniently  used  to  hide  the  physical  joint  between  two  disolays.  Thus  , 
the  amount  of  head  motion  permitted  before  tnis  otner  type  of  joint  is 
perceived  may  be  quite  limited.  A  similar  head  motion  limitation  ap¬ 
plies  to  the  first  type  of  joint,  that  of  direct  juxtaoosition.  In  tne 
747  simulator,  for  example,  eac.n  of  the  two  juxtaposed  display  channels 
overlaps  the  other  by  3°  as  measured  from  the  eye  reference  point,  "his 
overlap  defines  the  angular  extent  of  sideways  head  motion  permissible 
without  blanking  a  portion  of  the  scene. 


ASPECTS  OF  MISALIGNMENT 


oes  and  Effects 


The  perceotual  factors  involved  in  misalignments  can  be  aoolied  to 
both  types  of  joints,  altnougn  to  varying  degrees  of  influence.  One  o*' 


77 


(0  O) 


these  factors  is  the  recognition  of  displacement  of  discontinuity  in  a 
iine  segment  that  bridges  a  joint,  either  in  a  oart  of  the  displayed 
scene  or  in  the  raster  lines  ;£or  line  scan  systems).  The  perceptual 
task  is  primarily  one  of  vernier  acuity.  Another  type  of  misalignment 
involves  rotational  differences  between  the  scenes  or  scene  elements. 

For  a  continuous  line  segment,  t.nis  would  oe  represented  either  by  a 
"bent  line"  forming  an  angle  at  the  joint  of  something  less  than  130°, 
or  in  the  case  -where  the  rotation  originates  in  the  central  area  of  each 
display,  botn  a  displacement  or  discontinuity  and  a  rotation  or  angular 
difference  may  be  detected. 

Displacement  might  also  oe  in  the  form  of  either  the  doubling  of 
scene  elements  or  the  deletion  of  some  portion  of  the  scene  produced  by 
mi s-regi stration  of  the  scenes  in  a  direction  normal  to  the  joint.  This 
case  will  not  be  treated  nere  as  it  does  not  involve  the  detection  of 
misalignment  per  se  cut  is  more  accurately  a  task  of  *'orm  or  pattern 
perceotion,  dependent  almost  entirely  upon  elements  of  tne  displayed 
scene . 

In  addition  to  vernier  acuity  and  the  detection  of  rotation,  "bent 
lines,"  or  angles,  other  perceptual  or  display  factors  that  affect 
detection  of  misal ignments  include  individual  physiological  character¬ 
istics,  stimulus  separation,  contrast  sensitivity,  display  resolution, 
luminance  level,  and  stimulus  motion. 

Vernier  Acuity 

Perhaps  the  most  critical  contributor  to  the  detection  of  misalign¬ 
ment  is  the  remarkable  ability  of  most  observers  to  resolve  very  small 
displacements  in  one  part  of  an  object  with  respect  to  other  parts. 
Usually,  a  straight  line  broken  into  two  segments,  examples  of  which  are 
shown  in  Figure  37,  is  used  to  measure  this  type  of  acuity. 

The  threshold  measure  of  vernier  acuity  is  generally  taken  as  the 
visual  angle  (at  the  eye)  of  the  lateral  displacement  (for  vertical  line 
segments)  of  correspond! ng  points  on  the  test  stimuli  with  a  5G°I  proba¬ 
bility  of  detection.  It  should  be  mentioned  nere  that  the  level  of 
discrimination  probability  or  tne  percentage  of  detection  or  discri¬ 
mination  responses  used  to  define  a  threshold  is  not  always  fixed  at 
50:i,  but  depends  somewhat  upon  the  method  of  discrimination  used  and  a 
lot  upon  the  proclivity  of  tne  researcher.  Thus  levels  of  50,  75,  SO, 

95  and  38  percent,  and  pernaos  otners,  have  been  used  as  criteria  for 
visual  thresholds.  Often  the  thresholds  reported  in  the  literature  are 
difficult  or  impossible  to  compare  with  confidence  because  of  the  dif¬ 
ferent  criterion  levels  used  or  sometimes  because  the  criterion  level 
used  is  not  defined  at  all. 

3  comparison  of  vernier  acuity  with  other  similar  visual  thresholds 
is  depicted  in  ri gure  38,  ( from  Farrell  a  Booth,  1975)  *or  a  wide  range 
luminance  intensities,  "he  threshold  termed  "minimum  separaDle" 
-r'ers  to  tne  detection  of  a  separation  or  space  between  two  segments, 
usually  measured  with  line  gratings,  tri-bar  resolution  targets,  or 
_ando't  '2'  test  stimuli.  Stereo  acuity  depends  upon  the  integration  of 
information  from  both  eyes  on  relative  displacement  of  test  elements. 

"he  category  o£  acuity  te^-ed  ‘minimum  perceDti Dl e "  refers  to  tne  nar¬ 
rowest  darx  ,;ne  that  can  be  seen  against  a  light  background. 

73 


'his  figure  i  1 1 1 
:he  very  large  c 
efine  the  abili 


lAlHif.  f  b(/E  (cm  mmuiLsi 


LeGrand  (1967)  summarizes  some  of  the  early  determinations  of 
vernier  acuity  thresholds: 

II 

"Wulfing  (1892)  was  the  first  to  note  the  remarkably  small 
visual  angle  corresponding  to  the  thresholds  of  alignment, 
which  he  found  of  the  order  of  10"  for  bright  slits  as  well 
as  for  black  bars  on  a  white  background.  Stratton  (1900) 
lowered  this  to  5"  and  Best  (1900)  to  2.5"  for  80"  correct 
responses . " 

Similar  results  were  reported  by  Graham  et  al.  (1965): 

"For  example.  Baker  and  Bryan  (1912)  report  vernier  displace¬ 
ment  thresholds  of  about  4  seconds,  Wright  (1942)  2  seconds, 
and  Berry  (1948)  2  seconds." 

Although  luminance  levels  and  response  criteria  were  not  provided 
in  these  notations,  the  results  are  fairly  consistent  with  those  de¬ 
picted  earlier  (Figure  38). 

In  a  test  situation  using  the  method  of  adjustments  rather  than 
that  of  constant  stimuli,  Baker  (1949)  determined  the  effect  of  back¬ 
ground  retinal  illuminance  upon  the  vernier  alignment  of  two  bars  sub¬ 
tending  4.5  degrees  (combined  length)  in  a  12°  field.  Figure  39,  (from 
Farrell  &  Booth,  1975)  depicts  the  results  which  show  little  gain  in 
performance  above  20  Trolands.  This  level  corresponds  to  a  scene  lumi¬ 
nance  of  1.3  candela  per  square  meter  (0.4  foot  Lambert).  The  standard 
deviations  of  the  settings  indicate  that  this  procedure  may  hield  slight¬ 
ly  different  vernier  acuity  scores  than  those  previously  discussed,  but 
certainly  of  the  same  general  magnitude.  They  can  be  compared  with  the 
results  found  by  Berry  et  al.  (1950),  as  depicted  in  Figure  40,  (also 
reported  in  VanCott  &  Kinkade,  1972). 

When  the  scene  misalignment  is  in  the  periphery,  these  detection 
thresholds  will  increase,  following  characteristic  curves  (shown  in 
Figure  41(a)  for  relative  visual  acuity,  and  in  Figure  41(b)  for  visual 
acuity  (from  Farrell  &  Booth,  1975).  These  results,  from  experiments  by 
Blackwell  and  Moldauer  (1958),  Taylor  (1961),  and  Mandelbaum  and  Sloan 
(1949)  are  representati ve  of  the  rapid  fall-off  of  visual  acuity  in  the 
periphery.  These  data  can  be  applied  in  a  relative  way  to  estimate  the 
amount  of  misalignment  that,  under  certain  luminance  and  other  condi¬ 
tions,  will  be  detectable  at  various  distances  out  from  the  fixation 
point.  However,  inasmuch  as  these  data  are  not  directly  applicable,  it 
is  recommended  that  this  function  be  more  fully  defined  in  an  experimen¬ 
tal  study.  Thus,  this  aspect  is  included  in  one  of  the  experimental 
designs  provided  in  Appendix  H. 

In  visual  simulation  systems,  most  if  not  all  scenes  are  displayed 
dynamically;  therefore,  the  data  thus  far  discussed  (gathered  under 
static  conditions)  likely  require  some  attenuation  to  fit  a  dynamic 
situation.  Data  from  Burg  (1966)  are  shown  in  Figure  42.  (from  VanCott 
and  Kinkade,  1975)  for  the  variation  of  both  static  and  dynamic  visual 
acuity  as  a  function  of  the  age  of  the  observer.  From  the  figure,  it 
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BACKGROUND  RETINAL  ILLUMINANCE  (Td) 


In  this  study  two  subjects  aligned  two  narrow  bars  in  a  Vernier 
acuity  task.  The  two  bars  combined  were  4.55  long  and  were  seen 
against  a  12°  field.  The  artificial  pupil  was  projected  into  the 
subject's  eye.  Performance  showed  little  improvement  as  retinal 
illuminance  increased  beyond  about  20  Td.  This  corresponds  to  a 
scene  luminance  of  1.3  cd/m2  (0.4  f L )  viewed  with  a  natural  pupil 
(From  Baker,  K.  E. ,  1949.) 


Figure  39.  Effect  of  retinal  illuminance  on  Vernier  Acuity 
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Effect  of  target  background  luminance  on  Vernier  acuity 
(Van  Cott  and  Kinkade,  19/2) 


i  acuity  In 
.*11  &  Booth , 


can  be  seen  that  age  has  a  relatively  greater  effect  on  visual  acuity 
with  increasing  rates  of  target  motion.  It  should  be  noted,  however, 
that  there  is  only  a  very  slight  degradation  with  up  to  about  -15  years 
in  age.  In  addition,  the  fall  off  in  acuity  with  increasing  angular 
rates  of  target  motion  is  approximately  a  geometric  progression. 

Reading  (1972)  has  pointed  cut  that  the  results  of  her  study  of 
static  and  dynamic  visual  acuities  indicated  no  statistically  signifi¬ 
cant  relationship  between  these  two  visual  discrimination  abilities. 

She  reports  that  this  view  was  supported  by  Behrens  (1958)  and  by 
_udvign  and  Miller  (1958),  but  not  by  Hulbert,  Burg,  Knoll,  and  Math- 
ewson  (1958),  Elkin  (1962),  and  Burg  (1966),  all  of  whom  found  sig¬ 
nificant  correlations  between  static  acuity  and  performance  on  a  dynamic 
task.  Resolution  of  this  question  is  still  wanting,  so  caution  should 
be  exercised  in  applying  data  on  static  acuity  to  situations  involving 
dynamic  discriminations. 

When  the  adjacent  ends  of  the  broken  line  test  stimulus  are  sepa¬ 
rated  longitudinally,  vernier  acuity  is  diminished.  In  a  study  done  in 
1920  and  reported  in  LeGrand  (1967),  French  found  an  average  error  of 
0.5  arc  second  for  segments  with  no  separation.  With  a  separation  of  4 
arc  minutes  between  segments,  the  error  was  1.1  arc  second,  and  in¬ 
creased  to  5  arc  seconds  for  a  separation  of  19  arc  minutes.  A  similar 
effect  was  found  by  Berry  (1948),  but  with  some  significant  differences. 
As  the  plots  of  the  data  show  in  Figure  43,  vernier  acuity  was  best  at  a 
secaration  of  .36  arc  minute,  with  performance  poorer  both  at  a  lesser 
separation  of  .06  arc  minute  and  at  larger  separations  (.74,  2.23,  5.20, 
and  14.8  arc  minute).  Similar  tests  of  acuity  with  real  depth  and 
stereoscopic  depth  tasks  resulted  in  best  performance  with  a  vertical 
separation  of  5.20  arc  min.  between  the  test  stimuli.  It  is  interesting 
to  note  that  performance  on  the  vernier  acuity  task  appeared  to  be 
somewhat  better  than  that  for  the  stereo  acuity  tasks  at  the  very  small 
seoarations,  but  then  grew  worse  with  the  larger  separations  while  the 
stereo  acuities  remained  relatively  good. 

"he  Problem  of  a  Complex  Scene 


'While  the  just  discussed  data  are  useful,  they  are  not  completely 
applicable  to  the  problem  of  the  detection  in  a  complex  scene.  The  data 
on  vernier  acuity  are  probabily  most  generalizable  to  the  case  in  which 
toe  scene  is  formatted  by  raster  scan  and  the  raster  lines  are  visible, 
-owever,  other  types  of  misalignment  between  two  juxtaposed  displays  are 
possible  in  addition  to  vernier  displacement.  For  example,  there  may  be 
some  rotational  alignment  differences  between  the  displays.  In  this 
case,  the  discrimination  may  involve  detection  of  the  rotational  differ¬ 
ence  (or  of  an  angle  formed  by  the  rasters  on  the  two  displays)  with  or 
without  the  vernier-type  displacement  at  the  joint.  Since  no  data  were 
*‘ound  to  be  directly  applicable  to  these  specific  situations,  an  ex¬ 
periment  was  designed  to  provide  some  of  the  missing  data  (see  Experi¬ 
mental  Design  *6  in  Appendix  H). 


"ERAL  -/ESSENCE,' CGLLII-’ATICN/ IMAGE  DISTANCE  EPRCR 


INTRODUCTION 

Several  character! sti cs  nave  been  combined  "in  this  section  due  to 
their  close  interrelationsnio.  Lateral  vergence,  collimation  and  image 
distance  error,  and  image  distance  variability  were  all  treated  as 
individual  characteristics  in  t.ne  Visual  Simulation  Concepts  Study  and 
were  given  separate  rank  orders.  It  should  be  noted,  ocwever,  t.nat  t.nree 
of  t.ne  four  were  ranked  fairly  hig.n  and  close  together  in  the  original 
list.  Comoining  these  seemed  to  be  t.ne  reasonaDle  thing  to  oc,  there¬ 
fore,  as  long  as  their  individuality  was  not  lost. 

If  tne  manner  in  wnich  the  ..raided  eye  views  the  nature’  environ¬ 
ment  is  considered,  several  ooints  can  oe  mace  t.nat  are  relevant  to  tnis 
di scussion : 


1 .  For  a  fixated  object,  the  accommodation  necessary  to  oring  t.ne 
image  into  focus  on  tne  retina  is  compatible  with  the  amount 

of  convergence  required  to  acquire  fusion  of  the  ooject  through 
correspondence  on  the  retinae. 

2.  With  the  eyes  accommodated  to  an  object  at  CDtical  infinity 
(or  beyond  6  meters),  objects  nearer  the  observer  are  rep¬ 
resented  on  the  retina  by  blur  circles  of  various  extent. 

3.  Objects  at  different  distances  can  be  discriminated  via 
stereopsis  up  to  at  least  500  meters,  depending  on  viewing 
conditions,  the  disparity  of  the  objects,  and  t;.e  stereo  sxi’l 
of  the  observe-. 

A.  The  apparent  distance  of  objects  is  determined  by  the  combined 
effect  of  several  factors  including  expectation  basec  uoon 
experience,  stereopsis,  the  state  of  accommodation  and  conver¬ 
gence,  relative  motion,  relative  size,  level  of  detail,  inter¬ 
position,  relative  brightness,  and  geometric  and  aerial 
perspective. 

In  visual  simulation  systems,  any  optical  or  scene  generation 
projection  characteristics  which  affect  the  factors  or  rel ationsnios 
just  described  above  have  tne  ootential  ^or  causing  oerceot'ual  ejects 
or  eye  strain/  fatigue  ;n  tne  ooserver.  Generally,  suen  ejects  are 
likely  to  oe  small,  oartly  because  of  fairly  nign  design  standards,  but 
also  oecause  many  effects  are  offset  or  overcome  oy  a  oreoonderance  of 
ot.rer  non-di storted  cues  to  distance  and  scene  continuity. 

*he  term  vergences  is  defined  as  a  non-oarallel  or  disjunctive 
oinecuiar  movements  of  the  eye.  I£  an  ooject  is  oresented  to  two  eyes 
on  tne  or-mary  sagittal  line  out  not  intercepting  t -e  '  ->e  o*  sic.nt  o* 
eitrer  eye,  t.ne  two  eyes  will  mane  a  movement  to  dace  tne  ooject  on 
oo on  •  ines  o*  sight.  Ir  the  lines  c*  sight  were  at  in-'-'nity  anc  tne 
ooject  is  nearby  the  rotation  of  one  eyes  will  of  necessity  oe  in  :o- 
oos’te  diractions  and  tne  right  eye  will  turn  toward  tne  left  arc  t-s 
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left  eye  turn  toward  the  righ...  Such  a  movement  of  the  lines  of  sigrrt 
away  from  parallelism  is  known  as  vergence.  These  may  oe  either  volun¬ 
tary  or  involuntary  althougn  those  of  primary  concern,  fusional  mer¬ 
gences  are  reflex  in  nature.  This  definition  is  from  Borish  (1373). 

Vergence  movements  are  also  defined  as  those  which  change  the  angle 
formed  by  the  intersecting  lines  of  sight  of  the  two  eyes  (Alpern  1S62). 
When  the  lines  of  sight  converge  to  a  point  in  front  of  the  eyes,  tney 
deviate  inward  and  are  said  to  be  converging.  The  conjugation  is  be- 
tween  the  internal  recti  of  both  eyes.  When  the  lines  of  sight  appear 
to  diverge  from  a  point  behind  the  eyes,  they  deviate  outward  and  are 
said  to  be  diverging.  The  conjugation  here  is  between  the  external 
recti  (muscles)  of  both  eyes. 

The  reader  and  tne  issue  will  be  confused  oecause  those  that  work 
with  display  design  talk  aoout  diverging  rays  as  rays  emitting  from  tne 
display  which  impose  converging  or  convergence  on  the  numan  eye.  In 
contrast  a  ray  emitting  from  a  display  which  is  converging,  forces  a 
divergence  on  the  human  eye.  It  is  unfortunate  that  two  different 
professional  groups  have  used  identical  terms  which  become  opposites 
when  the  frame  of  references  is  the  display  or  the  observer. 

From  the  f"ame  of  reference  of  the  observer,  vergences  are  classi¬ 
fied  into  two  major  groups;  lateral  and  vertical.  In  tne  lateral  categ¬ 
ory  they  are  subdivided  into  convergence  and  divergence.  Convergence 
may  be  defined  as  when  the  lines  of  sight  meet  at  a  p^int  in  front  o' 
the  eyes  or  the  angle  so  formed  is  increased.  Divergence  is  defined  as 
when  the  lines  of  sight  meet  at  a  point  behind  the  eye  or  the  angle  of 
convergence  is  decreased.  Vertical  vergences  may  be  defined  when  the 
line  of  sight  of  one  eye  is  directed  upwards  and  that  of  the  other  is 
depressed;  a  situation  which  is  normally  only  present  as  a  compensation 
for  some  ocular  imbalance  or  where  some  display  presents  a  vertical 
disparity  when  viewed  from  one  eye  position  compared  with  the  other. 

The  tolerances  for  vertical  and  lateral  vergence  have  been  pre¬ 
viously  discussed  under  the  category  of  "Horizontal  and  Vertical  Dis¬ 
parities"  within  this  report.  Therefore,  this  discussion  will  summarize 
by  saying  only  that  the  tolerance  for  vertical  vergence  is  mucn  less 
than  for  lateral  vergence.  In  lateral  vergence,  there  is  a  greater 
tolerance  for  convergence  than  for  divergence.  These  are  mediated  by 
many  display  characteri sties  and  the  task  at  hand.  One  such  special 
case,  not  discussed  in  the  previous  section,  is  that  of  the  use  or 
evaluation  of  a  heads-up  display  in  a  simulator  'ittea  with  a  331  or 
closed  circuit  TV  visual  scene.  For  lew  level  maneuvering  of  helicop¬ 
ters,  such  a  display  may  be  stereoscopic  in  'arm  and  tne  rignt  and  left 
eye  images  may  be  presented  through  separate  channels  against  a  common 
channel  of  the  exterior  scene.  Gold  and  ^erry  (1972)  studies  deter¬ 
mined  that,  under  these  conditions,  the  vertical  vergence  tolerance  was 
about  3.5  arc  minutes  without  pilot  discomfort;  3.5  arc  minutes  also  was 
the  tolerance  for  lateral  convergence  display  disparity.  Tne  tolerance 
is  larger  for  lateral  divergent  (display  disparities):  i.e..  Z.5  mi  111- 
radians  or  3.5  arc  minutes.  These  data  are  consistent  w'tn  previously 
reported  findings  in  that  the  vertical  vergence  ana  the  visual  diver¬ 
gence  are  smaller  tolerances  than  visual  convergence.  However  the 
magnitude  of  these  to!erances  appear  to  be  much  smaller  than  these 
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previously  reported.  Such  smaller  values  should  oe  expected  since  this 
's  a  comparative  display  of  a  moving  scene  on  which  a  superimposed  line 
drawing  may  have  divergences  vertically  and  horizontally  and  wnen  they 
differ  against  a  common  scene. 

Collimation  Errors 


Collimation  errors  are  errors  in  a  display  wnerein  the  rays  of 
luminous  intensity,  emitting  from  a  point,  diverge  or  converge  from 
those  expected  from  the  theoretical  optical  design.  In  flight  crew 
training  simulators,  the  displays  may  be  designed  to  have  a  variety  of 
viewing  distances.  A  cathode  ray  tube  may  oe  placed  at  the  windshield 
aperture  presenting  a  viewing  distance  of  about  23  incnes  "rom  the 
pilot's  eyes.  Or  the  scene  may  be  projected  onto  screens  or  tne  in¬ 
teriors  of  domes  at  distances  from  10  to  20  feet  (3.05  to  6.05  meters) 
from  the  pilot's  eyes.  As  such  projection  distances  approach  6  meters, 
tne  visual  accommodation  becomes  .16  of  a  diopter.  "nis  ’Is  a  practical 
approximation  of  an  infinity  display.  Real  image  displays  at  eacn  of 
these  distances  have  a  compatible  visual  convergence  and  accomodation . 
"re  data  from  Farrell  et  al.  (1970)  indicate  that  optimum  visual  perfor¬ 
mance  in  stereoscopic  tasks  is  obtained  when  tne  accomodation  and 
convergence  are  compatible.  In  contrast  with  the  real  image  displays, 
many  virtual  image  display  systems  provide  accommodation  at  infinity  but 
convergence  at  something  less  than  infinity. 

Consider  one  such  display  that  has  a  25-  incn  catnode  ray  tube  hung 
above  the  forward  and  side  windows  of  the  aircraft  and  facing  downward. 
Beneath  the  cathode  ray  tube  is  a  beam  splitter  that  reflects  the  rays 
forward  into  a  spnerical  mirror  which  has  a  59.6-inch  radius  of  curva¬ 
ture.  The  image  is  reflected  back  by  the  mirror  througn  the  beam  split¬ 
ter  to  the  pilot's  eyes  which  are,  in  effect,  1.2  meters  from  the  cathode 
ray  tube  along  this  folded  path.  Therefore,  the  accomodation  is  by 
design  at  10  meters  and  the  convergence  is  at  1.2  meters.  Such  a  dis¬ 
parity  between  accommodation  and  convergence  may  also  occur  for  the 
'pancake"  window  system.  An  unanswered  question  then  exists;  does  a 
mismatch  of  convergence  and  accommodation  pose  a  problem  by  attenuating 
pilot  performance  or  his  comfort  when  using  a  virtual  image  display? 

Figure  44, is  from  the  "Design  Handbook  for  Imagery  Interpretation 
Equipment"  (Farrell  &  Booth,  1975).  The  upper  view  in  this  figure  indi¬ 
cates  that  tne  stereoscopic  performance  is  lowered  when  the  viewing 
distance  differs  by  more  than  .75  of  a  diopter  from  a  value  that  matches 
tne  convergence  angle.  Stereoscopic  performance  with  static  imagery, 
ncwever,  may  not  generalize  too  well  to  the  problems  in  flight  crew 
draining  with  the  dynamic  imagery  and  a  non-stereoscopi c  display,  "he 
tolerance  for  collimation  errors  should  not  be  based  entirely  on  tne 
vertical  and  horizontal  vergence  limits  as  correct  perception  of  the 
•orward  scene  is  the  ultimate  criterion  in  pilot  training. 

The  apparent  distance  to  the  scene  contributed  to  by  accommodation 
::nve’-gence  and  relative  motion  of  the  elements  in  the  scene  may  be 
significantly  altered  either  by  non-use  of  an  infinity  accommodation 
rsolay  or  py  a  ccmoatible  convergence  with  such  an  infinity  display. 

-.e  correct  perception  of  the  slant  of  terrain  in  approach  and  landing, 
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in  takeof-,  ana  in  terrain-*p:  lowing  indicates  p.nat  t.ne  cuesticn  of  now 
that  plane  is  perceived  nay  cecome  one  of  me  -ost  i  moo '•tan  t  criteria, 
aibscn  ana  Cioscn  ;  *.35 7'  ,  FI  ock  ; 564  '  ,  one  Sraunstein  ;  1963.  al  nave 
investigated  one  individual 's  perception  of  a  textured  surface  that's 
moving.  It  is  found,  wnether  t.ne  sur-'ace  is  coving  in  its  own  olane  or 
any  ctner  oi reefion,  a  suDject ' s  judgment  of  slant  is  very  accurate.  A 
oossinle  explanation  is  mat  a  suoject  would  only  nave  to  -o: low  tne 
movement  of  two  or  t.nree  points  on  the  textu-ed  surface  to  oe  sole  to 
<now  tne  exact  slant  of  tne  s^r*ace.  with  a  stat*— dry  ^u,r*ace  newever, 
.noisy  information  must  oe  cor-elatea  over  cany  points  on  the  Surface  to 
calculate  its  slant.  Experiments  wit.n  coving  surfaces  suggests  that 
temporal  integration  of  cues  is  superior  to  spafial  integration.  Euan- 
titative  data  are  needed  to  determine  wnetner  the  -el ati onsn ■  o  among 
soatial  and  temporal  integration  var-'es  wit.n  the  aoca-ent  o' stance  to 
tne  scene.  Jnti  1  sue n  data  are  avail aole,  t.ne  er-or  :*  te'e-m  ;es  a 
display  tnat  are  based  on  t.ne  verger ce  requirements  ~us t  :e  .sea.  I:~e 
col  1  imaticn  errors  nave  been  .ceasurec  in  existing  types  c*  stems ,  an: 
their  relative  relationship  oo  tne  tolerance  "cures  are  mown. 

Collimation  Errors  in  Wide-Angle  Mul tl viewer  Infinity  C'sclay  Ces;crs 

The  works  of  Shaffer  and  Wai  delicti  '.1377)  and  of  Rhine -art  ..13”., 
in  their  inceoencent  assessments  of  the  possibility  of  a  wide-angle, 
multi  viewer,  infinity  display,  indicate  that  tolerances  in  collimation 
could  not  be  of  the  same  magnitude  as  the  relatively  smaller  field  c* 
tne  beamsplitter  mirror  systems. 

Rhinenart  (1977)  undertook  a  -esearen  design  study  to  define  an 
extended  field-of-view  (60°  x  ISO’;,  infinity  image  display,  suitaole 
for  multiviewer  use  in  a  wide-oedied  aircraft  simulator  cockpit.  Mosai¬ 
cking  of  single  cnannel  units,  botn  reflective  and  refractive,  was 
studied,  including  extended  field-of-view  reflective  systems,  “wo 
speci£ic  designs  were  selected  and  optimized,  and  these  were  evaluated 
over  an  extended  viewing  volume  (Taole  4). 

These  maximum  collimation  errors  occur  at  locations  generally  beycna 
the  limits  of  the  30°  x  40°  field  of  view  of  tne  beam  solitter  and  mi r-cr 
system  reviewed  in  Taole  5.  The  maximum  coilimation  error  in  the  exten¬ 
ded  field  of  view  system  is  more  than  six  times  tne  maximum  measured  in 
t.ne  conventional  field-of-view  system. 

Coilimation  E-rprs  in  3eam  Splitter  and  Mirror  Cl  sol  ay  Systems 

The  infinity  window  displays  nave  a  finite  distance  as  tne  diver¬ 
gence  tolerance  of  the  rays  coming  £-om  one  CRT  tcwarc  one  pilot.  The 
human  visual  system  nas  a  relatively  wide  tolerance  for  suen  diverging 
rays  and  tney  are  perceived  as  t.nougn  the  ooject  were  at  a  'esser  ois- 
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TaDle  4 

Extended  Field-of-View,  Infinity  Image  Display 
Suitable  for  Multiviewer  Use 

(Maximum  Coilimation  Errors  Predicted) 


Collimation  Errors 


Location  of  Measurement 
Maximum 

Lateral 

Desian 

Design 

=2 

Vertical 

Design  Desicn 

=1  f£ 

30° 

Ri  ght 

.23  .23 

ro 

o 

o 

Left 

.22  .22 

120° 

Ri  ght 

•27d 

.320 

o 

O 

KO 

Ri  ght 

.23c 

o 

o 

Right 

.35c 

NOTE:  Values  within  table  are  diopters  and  the  subscripts  0  and  C 

represent  display  divergence  and  convergence  direction  of 
error. 


Table  5 

Collimation  and  chromatic  errors  measured  in  a  beam  SDlitter 
and  mirror  infinity  display  system  with  two  types  of  mirrors 


Location  of 

Collimation 

Errors 

Chromati c 

Errors 

Measurement 
From  Center 

Metal 

G1  ass 

Metal 

G!  ass 

19°  L  4  14’ 

'Jp 

0.0072 

3.0163 

0.CCC5 

0.0035 

13°  L  4  14’ 

D 

0.0414 

0.0331 

0. 0005 

0.0035 

13’  R  4  14’ 

Up 

0.0438 

0.0250 

0. 0094 

0.0034 

13’  R  4  14’ 

D 

0.0426 

+0. 0088 

0.0087 

0.0000 

Note:  Values  within  table  are  diopters  and  the  single  *  value 
reoresents  a  disolay  convergence  error  in  collimation. 
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day  visual  activity,  t.nere  is  almost  no  occasion  to  diverge  tne  eyes 
because  very  distant  oojects  T.ay  be  seen  with  zero  convergence.  Little 
i*  any  practice  of  diverging  tne  eyes  occurs  unless  it  is  provided  in  a 
visual  training  device  ror  clinical  purposes. 

"Infinity'1  or  distant  displays  may  nave  very  strict  design  tol¬ 
erances  of  3.1  diopter  of  display  divergence  ana  3.31  diopter  of  diso:ay 
convergence  can  be  met  by  the  modern  beamsplitter  anc  mir,~or  infinity 
display  systems.  Table  2  provides  tne  average  values  o*  pollination  *or 
the  red,  green,  and  blue  sources  at  five  positions  within  a  302  x  4C° 
display  on  a  full  color  CGI  system. 

The  collimation  errors  are  all  less  than  3.35  diopter,  ’he  rays 
tnen  snouid  appear  to  be  emanating  from  a  distance  of  25  meters  or  more, 
"he  design  specifications  for  this  system  were  to  nave  tne  visual  con¬ 
vergence  lass  than  3.1  diopter  or  that  all  rays  appear  to  emanate  frpm 
greater  t.nan  13  meters. 

The  single  instance  of  a  display  convergence  was  measured  as  3.3CS3 
diopters  and  snouid  not  cause  any  distress  due  to  collimation  error,  ’he 
cnromatic  errors  are  representati ve  of  the  maximum  range  of  displace¬ 
ments  among  red,  blue,  and  green  at  each  of  the  five  locations  measured. 
The  maximum  value  measured  was  0.0094  diopter.  If  this  were  a  simple 
prismatic  displacement,  it  would  be  equivalent  to  3.34  millimeter  at  a 
10  meter  viewing  distance.  The  radial  distance  that  encloses  a  single 
triad  is  0.53  millimeter,  so  tne  maximum  measured  cnromatic  er’-or  may  be 
as  small  as  0.41  millimeter  at  10  meters. 

The  empirical  measurements  discussed  above  are  a’so  well  witnin  tne 
vertical  displacement  tolerances  of  0.25  diopter  given  in  MI L-HD3K- 1 41 
(1962).  Vertical  displacements  oetween  the  right  and  le£t  eyes  are  tne 
source  of  many  visual  complaints  as  to  "eye  strain'  etc.  In  tne  speci¬ 
fic  system  measured  above  the  relative  distortion  oetween  tne  two  eye 
positions  within  the  nominal  viewing  spnere  (r  3.3  incnesi  was  measured 
as  being  from  0.13  percent  to  0.93  percent  within  a  visual  field  of  12.3 
degrees.  The  largest  measured  relative  distortion  between  tne  two  eye 
positions  was  one  twelfth  of  the  MIL-HCBK-141  standard. 

For  the  current  designs  of  a  beamsol i tter-mi rror  infinity  display 
of  4C3  x  50',  in  field  of  view,  these  empirical  tests  support  the  earlier 
statement  that  collimation,  lateral  vergence,  ana  'mage  distance  errors 
are  likely  to  be  small.  Otner  cues  such  as  motion  snouid  offset  tnem  to 
suc.n  an  extent  that  they  will  not  contribute  to  visual  discomfort  or 
attenuate  performance. 

Chromatic  Aberration 


’here  are  no  user-based  data  to  support  a  specific  1  i m i  t  on  c.nro- 
matic  aberration  in  a  display,  but  if  color  fringes  can  be  seen  in  the 
image,  tne  chromatic  aoerration  is  definitely  excessive.  I £  tne  three 
color  guns  in  the  CRT  are  not  converged  orocerly,  appears  as  t.nc„gn 
tnere  were  cnromatic  aoerraticns  in  tne  oot'cal  system,  whatever  the 
source,  if  tne  effect  of  c'.soersion  of  the  tnree  color  primaries  is  to 
£crm  a  soot  larger  than  3  arc  minutes,  tne  influence  on  tne  legibility 
os  tne  display  is  very  30Preciao'e. 


"re  relatively  large  chromatic  abe^^at’cn  of  the  eye  ' 3  1 lustrate: 

in  Figure  -5.  For  a  significant  portion  of  tne  peculation,  one  cues 
provided  oy  t.nrcmatit  acer^ation  contribute  to  the  process  0*  accom¬ 
modation  apcarently  oy  providing  tne  aye  with  information  on  tne  pi-ec- 
tion  of  tne  accommcdat’ve  error  ;Finc.oam,  1951 ).  F'ncham  nas  suggested 
that  factors  underlying  monocular  accommodation  '-esconses  are  cemolax 
and  involve  various  aspects  of  tne  out-of-focus  image,  such  as  tne 
discrimination  of  color  *'ringes  around  a  olur'-ed  image  due  to  enrciratic 
aoerration  as  well  as  blurring  due  to  spnerical  aberration.  Firp.,pm! s 
data,  when  the  lig.nt  was  made  monochromatic  'at  589  nanometers!,  snow 
that  most  of  his  observers  had  difficulty  accommodating  properly,  at 
least  until  they  learned  to  use  seme  otr.er  tyces  of  cues. 

Campbell  and  Westheimer  19591,  following  tne  lines  suggested  oy 
Fincnam’s  experiments  ana  interpretations  performed  some  exper-^en ts 
wnicn  the  subject  was  required  to  adjust  a  test  target  viewed  tnro^gn  3 
lens  from  an  out-of-fccus  position  to  tne  region  of  snarpest  focus.  - 
subject  who  found  this  difficult  to  do  wnen  a  monochromatic  green  filter 
had  been  placed  in  the  team  of  light,  presumably  depended  on  the  chromat 
aoerration  as  a  cue  and  made  many  errors  oefore  learning  to  use  anot.ner 
cue.  Compensation  of  the  cnrcmatic  aberration  of  the  eye  by  incarcera¬ 
ting  equal  but  ODDOsite  chromatic  aberration  into  tne  display  has  teen 
suggested  as  a  way  to  increase  what  the  user  can  see  in  the  display. 
Lenses  have  been  constructed  that  compensate  for  chromatic  aber-atior,  of 
tne  eye.  In  very  limiting  testing,  tnis  kind  of  lens  increases  tne 
ability  of  suojects  to  resolve  large,  low-contrast  details  but  not  small 
high-contrast  details.  It  is  not  possible  to  estimate  wnether  tnis 
result  would  occur  in  other  viewing  situations.  With  a  CGI  system,  one 
result  would  probably  be  less  tnan  the  problem  of  converging  the  t.nree 
guns  to  tne  precision  of  the  chromatic  aberration  in  tne  display  coves. 

The  effect  of  alignment  was  very  ooticeao'e  in  a  study  of  tne 
display  qua! i ty/legi bil i ty  dene  by  General  Electric  and  Seeing.  A 
Lincoln/Mi tre  dot  matrix  alphanumeric  *ont  cased  on  a  5  x  matrix  was 
utilized  in  completing  an  evaluation  of  tne  1  eg i Dili ty  of  tne  Ccmouscene 
dislay.  Prior  research  establishing  the  speed  and  accuracy  for  ’-eacing 
alphanumeric  symbols  on  a  similar  _eroy  *ont  was  done  by  Andersen  )19TV 
and  Varteoedian  (1970).  These  data  compare  favoraoly  with  a  continuous 
stroke  al onanumeri c-s  of  the  Matx.  worth  tes'gn  swed  oy  -owe;1  and 
Kraft  (1959).  The  legibility  data  case  was  created  to  consist  of  EC 
characters  headed  in  one  intersections  of  a  cr-'d  pattern  which  lay  on 
the  computed  environmental  ground  surface.  Several  advantages  were 
gained  by  this  approach,  namely  the  aoility  to  easily  vary  contrast 
between  the  cnaracter  and  one  display  bacxground,  the  ability  to  accura¬ 
tely  control  the  time  period  over  wnicn  a  character  was  displayed,  and 
tne  ability  to  move  tne  character  easily  under  program  control. 

The  procedure  was  to  as<  four  individuals  to  view  one  letter  or 
numcer  at  a  time  for  1  second  and  then  00  resoond  verbally  with  mis 
identification  of  the  alphanumeric  presentee,  w'tn  static  imagery, 
centered  on  the  cathode  rav  tube,  the  criteria  were  90  percent  correct, 
and  the  legibility  provided  a  result  oT"  92  percent  cor-ect.  when  tne 
;magery  was  moving  as  though  the  airplane  was  turning  at  3  degrees  te** 
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The  refractive  power  of  the  eye  is  greater  for  short  wavelengths  tha 
for  longer  ones.  As  a  result,  a  normally  sighted  individual  ray  oe 
nearsighted  for  a  blue  object. 


Figure  45.  Chromatic  aoerration  of  the  eye 
(Farrell  4  3ootn,  1975) 


second,  the  criteria  were  75  percent  correct  and  the  four  observers  were 
able  to  meet  these  criteria.  However,  most  pertinent  to  this  discussion 
was  the  fact  that  one  of  the  observers  under  one  condition,  inadverten¬ 
tly  was  given  the  presentation  only  with  the  green  gun  on.  "his  de- 
saturated  green  looked  like  a  wnite  image  that  was  not  caugnt  immedia¬ 
tely.  The  data  showed  that  this  observer  moved  from  the  poorest 
performance  to  the  maximum  performance  during  the  time  that  the  green 
gun  was  on. 

Later  systematic  changes  in  the  convergence  of  the  three  guns  of  the 
display  indicated  that  a  very  slight  change  in  the  convergence  would 
destroy  the  legibility  of  these  alpnanumerics.  The  same  effect  could  be 
expected  from  any  display  that  has  a  significant  amount  of  color  -ringes 
from  chromatic  aberration  or  color  gun  convergence  as  both  increase 
minimal  spot  size,  lower  resolution,  and  decrease  legibility  of  the 
letters  and  numoers  made  up  of  dots. 


SUMMARY 


Vertical  and  lateral  vergences  are  defined  and  discussed  in  this 
section.  The  confusion  between  display  divergence  and  convergence  being 
opposite  visual  divergent  and  convergent  vergences  is  raised.  The  -ough 
equivalence  of  vertical  and  divergent  lateral  vergence  tolerance  limits 
are  contrasted  with  the  larger  tolerance  for  convergent  lateral  vergence. 
This  is  related  to  display  collimation  error  limits.  The  collimation 
error  assessments  of  two  infinity  displays  of  widely  different  fields  of 
view  are  presented.  Figure  46  illustrates  in  a  graphic  manner  how  the 
collimation  errors  of  these  systems  compare  with  some  physiological  and 
behavioral  data  applicable  to  establishing  limits  for  collimation  in 
display  design. 

Chromatic  aberration  as  imposed  by  the  optical  ascects  of  display 
system  imposing  color  fringes  in  images  is  discussed.  The  similar 
appearance  and  effect  of  lack  of  convergence  of  the  red,  green,  and  blue 
electron  beams  in  color  CRTs  is  shown  to  have  generally  much  larger 
magnitude  of  error.  The  effect  of  either  source  of  color  fringes  de¬ 
creases  system  resolution  and  legibility. 
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:igure  -6.  Comparison  between  collimation  errors 

in  two  display  systems  and  physiological 
and  behavioral  data  applicable  to  colli¬ 
mation  limits. 
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APPENDIX  A.  System  Characteristics  and 

Associated  Perceptual  Effects 


System  Characteristic 

DISPLAY  FORMATTING 

Type  of  scan  or 
formatti ng 

Frame  Rate 

A1  i  as  i  ng 

Field  of  View 

Visual  System  Lag 

Update  Rate 
Vibration 


Perceptual  or  Visuo-Dhysiological  Effect 


Flicker,  shearing,  strobir^,  raster 
dominance,  apparent  motion 

Flicker,  shearing,  strobing 

Artificial  spots,  gradients,  and 
patterns,  jump  and  apparent  motion 

Motion  awareness,  size-distance 
relationship,  display  shape 

Temporal  disorientation,  video-vestibular 
conflict 

Jitter,  flicker 

Blur,  jitter 


DISPLAYED  RESOLUTION 

Active  lines  per 
Unit  Visual  Angle 

Picture  Elements 

Uneven  Line  Resolution 


Depth  of  Field 

Phosphor  Decay  Time 

Spot  Size,  Spread  and 
Shape 


Sharpness,  detail,  raster  dominance 
Detail,  shearing 

False  depth,  sharpness,  detail,  edge 
smoothi ng 

Sharpness,  near  relative  motion 
Smear,  flicker,  eye  strain 
Sharpness,  detail,  apparent  contrast 


COLLIMATION  AND 
IMAGE  DISTANCE 

Collimation  and 

Image  Distance  Error 

Ex i t  Pupi  1 

Lateral  Vergence 

Di pvergence 

Image  Distance  and 
Vari ability 


Eye  strain,  fatigue,  size/distance 
relationship 

Fatigue,  eye  strain 

Eye  strain,  fatigue  size/distance 
relationship 

Eye  strain,  diplopia,  fatigue 

Eye  strain,  fatigue,  size/distance 
relationship 
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System  Characteristic 

DISTORTION 

Geometric  Perspective 

Eye  Rel i ef  Envelope 

Reflections,  glare. 
Ghosting,  Scratches 
and  seams 

Binocular  Image  Size 
Di f ferences 

Magnification 

Binocular  Deviations 

LUMINANCE  INTENSITY 

Luminance  Range 

Luminosity  Function 

Temporal  Intensity 
FI uctuati ons 

Luminance  Variation 

Contrast 

COLOR 

Temporal  Changes  in 
Color  Balance 

Hue  Range  (Wave¬ 
length  Distribution) 

Color  Fringes 

Variation  Within 
Display 

Saturation  and 
Contrast 

Registration 


Perceptual  or  Vi suo-physi ol ogi cal  Effect 

Orientation,  perception  of  distance 

Eye  strain,  fatigue 

Eye  strain,  fatigue,  distraction 

Eye  strain,  fatigue,  object  distance/ 
size,  blur,  distance  disparities 

Size/distance  relationships,  field  flatness 

Blur,  eye  strain,  fatigue,  diplopia,  distance 
disparities 

Object  resolution,  adaptation,  eye  strain 
Object  d i s ta nee/ re sol uti on/ detect i on 

Eye  strain,  distraction,  aaaptation, 
flicker,  jitter 

Eye  strain,  adaptation 

Object  resolution  (detail)  and  distance 
adaptation 


Distraction,  Flicker 
Scene  cartooning,  adaptation 

Resolution,  detail,  blur 

Distraction,  realism 

Scene  cartooning,  chromos tereops i s , 
afterimages 

Blur,  edge  smoothing,  detail 
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System  Characteristic  Perceptual  or  Vi suo-physiological  Effect 
MULTIPLE  DISPLAY 


Gaps  in  FOV  (joints)  Disorientation,  distraction 
Scene  Misalignment  Disorientation,  distraction,  eye  strain 

Luminance  Differences  Adaptation,  eye  strain 

Color  Differences  Distraction,  realism 

Scene  Overlays  and  False  cues,  distraction,  jitter,  secondary 

Inserts 
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Inter 

action  of  Real i sm 

System  Characteristics  Character-  Current  Defi-  Correction 

False  Cues  istics  prevalence  ciency  Cost  Suin/Wei ghted 

COLL IMATION  AND  IMAGE  DISTANCE  (Wt  =  10)  (Wt  =  91  (Wt  =8)  (Wt  =7)  (Wt  =  6)  Sum 


14.6/117.0 


Inter 

action  of  Real  ism 


APPENDIX  C 


EXPERIMENTAL  DESIGN  #1 

THE  EFFECT  OF  HORIZONTAL  ANISEIKONIA  ON 
TARGET  DETECTION  AND  MOTION  RECOGNITION 


Two  questions  posed  in  reference  to  the  potential  effects  of  hori¬ 
zontal  aniseikonia  on  target  detection  and  on  motion  recognition  can  be 
represented  by  the  following  two  hypotheses: 

Hypothesis  #1:  Horizontal  meridional  magnification  of  the  image 
to  one  eye  will  increase  the  detection  threshold  for  an  approaching 
target. 

Hypothesis  #2:  Horizontal  meridional  aniseikonia  will  attenuate 
the  recognition  of  direction  of  travel  (toward  or  away)  of  a  detected 
target  moving  rapidly  across  the  field  of  view. 

The  effects  postulated  in  these  hypotheses  are  of  practical  impor¬ 
tance.  In  recent  conversations  with  pilots  of  high  performance  fighter 
aircraft,  it  was  indicated  that  in  a  one-on-one  confrontation,  a  con¬ 
siderable  combat  advantage  accrues  to  the  pilot  that  first  achieves 
visual  contact.  Once  visual  contact  is  made,  it  is  important  to  deter¬ 
mine,  also  as  quickly  as  possible,  the  heading  of  the  "aggressor’  air¬ 
craft.  Often  this  is  accomplished  almost  simultaneously  with  detection 
when  the  target  is  acquired  foveally.  However,  when  initial  detection 
is  through  motion  perception  in  the  near  periphery,  foveal  attention  is 
generally  needed  in  order  to  integrate  the  cues  required  to  establish 
the  three-dimensional  motion  vector.  The  horizontal  and  vertical  (two- 
dimensional)  components  of  this  vector  are  usually  the  easiest  to  de¬ 
termine,  with  the  third  component  (toward  or  away)  being  dependent  upon 
detecting,  for  a  distant  target,  changes  in  the  subtended  angle,  or 
size,  of  the  target  image. 

Detection  of  this  change  in  image  size  may  be  significantly  affec¬ 
ted  by  horizontal  aniseikonia.  A  target  moving  across  the  image  field 
in  a  true  fronto-parallel  plane  (no  motion  component  toward  or  away  from 
observer  and  no  change  in  image  size)  will  undergo  a  change  in  perceived 
distance  proportional  to  the  degree  of  aniseikonia  or  image  plane  rota¬ 
tion.  When  there  are  no  other  stable  referents  in  the  rield,  the  target 
may  be  erroneously  perceived  as  moving  toward  or  away  from  the  observer. 
It  must  be  noted  here  that  since  the  size  of  the  target  image  on  the 
retina  is  not  changing,  the  perceived  change  in  target  distance  may 
produce,  through  size  constancy  effects,  a  counterbalancing  change  in 
perceived  size  of  the  target  (Emmert's  Law)  (Ogle,  1962).  Thus,  for  the 
aniseikonia  condition  diagrammed  in  Figure  26, an  object  in  the  right- 
hand  extent  of  the  image  field  is  seen  as  farther  and  larger,  while  an 
object  in  the  left  side  of  the  field  is  seen  as  closer  and  smaller.  The 
question  of  whether  these  two  perceived  effects  nullify  each  other  or 
whether  there  is  a  residual  effect  under  the  motion  recognition  con¬ 
ditions  outlined  above  is  the  subject  of  hypothesis  *2. 


METHOD 


Apparatus 

Hypotheses  1  and  2  will  be  tested  as  a  two-step  procedure  in  the 
same  experimental  setup.  A  large  projection  dome  or  screen  will  be  used 
with  a  viewing  distance  of  at  least  20  feet  (6  meters).  The  observers 
will  be  positioned  at  approximately  the  radius  of  curvature,  if  a  curved 
dome  or  screen  is  used,  or  along  the  midline  if  a  flat  screen  is  used. 

A  headrest  or  other  appropriate  technique  will  be  used  to  prevent  extra¬ 
neous  head  motions  by  the  observers.  The  headrest  will  be  provided  with 
a  lens  holder  to  hold  aniseikonic  or  piano  lenses  during  the  training 
and  test  trials.  If  a  dome  is  used,  an  alternative  is  preferable,  i.e., 
the  piano  and  size  lenses  would  be  ground  to  the  same  shace  and  size  as 
flight  glasses.  These  would  then  be  mounted  in  a  frame  with  adjustable 
nose  pads  and  interchangeable  bows.  A  darkened  room  with  a  non- 
reflective,  dark  viewing  frame  or  window  will  be  utilized  to  act  as  a 
viewing  aperture  stop. 

One  projection  system  will  be  used  to  provide  a  background  scene  of  dark 
blue  sky  with  several  light,  contrasty  clouds.  A  seconu  system  will 
provide  a  target  overlay  of  positive  contrast  which,  for  the  target 
detection  task,  will  originate  in  one  of  four  quadrants  but  close  enough 
to  the  fixation  point  that  scanning  search  is  not  attempted  by  the 
observer.  The  target  size  will  be  controllable  from  well  below  the 
detection  threshold  to  well  above  (<.5'  to  >25').  Rate  of  change  in 
target  size  will  be  controllable  with  a  range  to  simulate  closing  veloci¬ 
ties  of  from  500  to  2000  feet  per  second,  although  only  one  rate  will  be 
used  in  the  detection  trials. 

For  the  motion  vector  recognition  task,  the  target  overlay  will  move 
rapidly  across  the  field  of  view  on  one  of  several  frontal  Diane  meri¬ 
dians.  The  size  of  the  target  for  this  task  will  be  well  above  the 
peripheral  threshold.  Subtended  angle  (size)  of  the  target  for  this 
task  will  also  be  controllable  but  over  a  smaller  range  than  for  the 
detection  study.  At  least  four  different  rates  of  change  will  be  used 
to  simulate  four  (or  more)  heading  vectors  of  the  target. 

The  "trigger"  microswitch  of  a  joystick  control  will  be  used  by  the 
observers  to  signal  time  of  detection  or  recognition  and  to  freeze  the 
target  "motion." 

Experimental  Design 

Figure  C-l,  depicts  the  basic  design  for  the  main  investigation  of 
the  effect  of  horizontal  aniseikonia  on  target  detection  and  motion 
recognition.  The  design  is  basically  a  4  x  4  x  2  factorial  with  the 
following  three  independent  variables: 

1.  Amount  of  aniseikonia  -  four  levels  of  magnification  will  be 
used:  0,  1,  2  and  4  percent; 
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aniseikonia 


2. 


Velocity  of  target  motion  -  four  levels  of  motion  toward  or 
away  from  the  observer  will  be  used  in  conjunction  with 
horizontal  motion  across  the  field  of  view  for  the  motion 
recognition  task.  For  the  target  detection  task,  only  one 
"toward"  velocity  will  be  used,  and  without  any  horizontal 
component. 

3.  Eye  with  magnification  -  in  half  of  the  experimental  trials, 
the  magnifying  cylinder  lens  will  be  placed  before  the 
component. 

4.  Eye  with  magnification  -  the  magnifying  cylinder  lens  will  be 
placed  before  the  observer's  left  eye  in  half  of  the  experi¬ 
mental  trials  and  before  the  right  eye  in  the  other  half. 

This  procedure  will  tend  to  balance  out  dominant  eye  effects. 

The  dependent  variable  in  the  Critical  Limen  Stereo  Test  (CLST)  is 
the  number  of  correct  responses  at  each  disparity  level,  transformed 
into  a  50-percent  stereo  acuity  threshold.  In  the  target  detection 
task,  the  dependent  measure  will  be  the  size  of  the  target  (in  subtended 
angle)  when  first  detected,  the  response  being  to  depress  a  trigger 
microswitch  which  freezes  the  target's  motion,  and  then  to  report  which 
of  the  four  quadrants  the  target  is  located  in.  The  percent  correct  of 
location  responses  will  be  a  secondary  measure. 

The  dependent  measure  in  the  motion  recognition  task  will  be  a 
forced  choice  response  of  "toward"  or  "away"  as  representative  of  perceiving 
the  target  as  moving  close"  to,  or  farther  from,  the  observer  in  its 
translation  across  the  field  of  view.  A  secondary  measure  will  be  the 
elapsed  time  from  appearance  of  the  target  in  the  visual  field. 

Observers 


Six  observers  will  be  selected,  after  an  examination  of  visual 
skills,  to  serve  as  test  subjects.  These  observers  will  have  a  visual 
acuity  skill  of  at  least  20/25  (0.3  decimal  equivalent)  uncorrected  with 
differential  acuity  between  the  two  eyes  less  than  0.1  decimal  equiva¬ 
lency,  and  a  stereo  acuity  skill  of  at  least  15  arc  seconds  (50  percent 
threshold),  as  determined  by  the  CIST.  The  observers  shall  have  measu¬ 
rable  natural  aniseikonia  of  less  than  .2  percent  in  any  meridian  and 
phorias  at  far  point  no  greater  than  .25  diopter  vertical  and  1.5  diopters 
disassociated  lateral.  The  accommodative  range  and  resting  point  will 
be  measured,  along  with  the  depth  of  field  with  a  sky/clouds  stimulus 
field  at  6  meters.  The  preference  will  be  to  use  pilots  as  observers  so 
that  any  special  skills  they  have  developed  in  recognizing  the  first  and 
third  quarter  views  of  the  aircraft  or  rates  of  change  of  aspect  angle 
may  be  included  in  these  data. 

Procedure 


After  the  visual  screening  process,  each  observer  elected  as  a  test 
subject  will  be  given  the  CLST  to  provide  baseline  data  on  the  effects 
of  horizontal  aniseikonia  on  stereo  acuity.  The  CLST  is  a  sensitive 
test  of  stereoscopic  acuity,  with  discrimination  levels  ranging  from  6 


116 


to  60  seconds.  Four  of  the  tests'  eight  formats  (32  responses)  will  be 
given  each  observer  under  each  level  of  aniseikonia:  Half  the  trials 
with  the  magnification  in  the  left  eye,  half  in  the  right  eye.  The 
observers  will  each  be  given  the  CLST  under  tne  four  levels  of  magni¬ 
fication  (0,  1,  2,  and  4  percent).  Plano  lenses  will  be  used  before 
both  eyes  for  the  "zero"  condition  and  for  the  "non-magni fied"  eye  on 
the  other  conditions.  The  format  of  the  CLST  will  be  administered  in 
the  Wottring  Troposcope  at  "infinity"  focus  and  zero  convergence. 

Following  the  training  trials,  the  observers  will  perform  first  the 
target  detection  task  and  then  the  motion  recognition  task.  Six  represen¬ 
tations  of  each  combination  of  independent  variables  will  be  given,  with 
random  ordering  of  conditions.  Delay  times  between  initiation  of  each 
trial  and  "appearance"  of  the  target  will  also  be  varied  randomly  be¬ 
tween  a  minimum  of  5  seconds  and  a  maximum  of  20  seconds. 

Activation  of  a  microswitch  will  provide  the  discrete  target  de¬ 
tection  and  motion  recognition  responses  and  terminate  the  observer's 
view  of  the  display.  Following  the  switch  activation,  the  observer  will 
be  asked  to  indicate  quadrant  location  of  the  target  (for  target  detec¬ 
tion)  and  direction  of  motion  -  toward  or  away  (for  motion  recognition). 
After  each  trial  in  the  CLST,  target  detection,  and  motion  recognition 
tasks  the  observer  will  be  asked  to  rate  the  condition  for  visual  dis¬ 
comfort  or  strain  on  a  scale  of  1  to  5. 

Analysis  of  Results 

The  data  from  the  CLST  administration  and  from  the  target  detection 
and  motion  recognition  trials  will  be  subjected  to  analysis  of  variance 
techniques  to  determine  the  main  effects  of  the  independent  variables. 
Range  statistics  and  Chi  Square  tests  of  significance  will  be  used  to 
provide  more  specific  analysis,  as  will  correlational  analyses  between 
C1.ST  and  target  detection  and  motion  recognition  data. 

The  statistical  packages  available  on  the  contractor's  IBM  360/65 
and  370  computers  will  be  utilized  for  the  majority  of  the  statistical 
analyses. 

The  discomfort  data  will  be  analyzed  with  rank  order  statistics  and 
correlated  with  the  detection/recognition  data. 

Conclusions,  Recommendations  and  Documentation 


The  conclusions  drawn  from  the  data  analyses  will  be  integrated 
with  any  existing  reliable  data  as  the  bases  for  recommendations  of 
design  criteria  or  tolerance  levels  for  differential  magnification  in 
visual  simulator  systems. 
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APPENDIX  D 


EXPERIMENTAL  DESIGN  =2 

THE  EFFECT  OF  UPDATE  RATE  ON  ALIASING,  TURNING  RA'E , 
AND  TRANSFER  OF  TRAINING 


The  question  Dosed  in  reference  to  the  e*~ect  of  update  '"ate  on 
aliasing  turning  rate,  and  transfer  of  training  can  be  -"epresented  by 
the  following  hypothesis: 

Hypothesis:  Perceived  speed  and  training  results  are  affected  oy 

the  doubling  of  images  at  angular  velocities  that  are  common  to  taxiing, 
takeoff,  and  landing. 

During  acceptance  testing  on  the  Compuscene  2000  visual  simulator 
system,  it  was  found  that  the  turning  rates  from  runway  to  taxiway  on  a 
747  were  18  degrees/second.  A  turn  rate  of  5  degrees/second  on  this 
visual  system  gives  a  double  imaging  of  runway  edge  lights. 

A  survey  of  six  current  visual  systems,  including  ’~e  Compuscene 
2000,  showed  that  update  rates  vary  from  30  to  60  cycles/second.  These 
systems  and  their  respective  update  rates  are  as  follows: 


Compuscene  1000 
*E&S  01H 
*E&S  SP-2  DLH 
ASPT 

Night  Only  Scenes 
Compuscene  2000 


60  cycles/second 
50  cycl es/ second 
40  cycles/second 
30  cycles/second 
30  cycles/second 
30  cycles/second 


♦Evans  &  Sutherland,  subsidiary  of  Redifon 


METHOD 


The  apparatus  used  in  matching  the  sub-group  of  pilots  as  to  their 
skill  in  juding  5,  10,  and  15  degree  per  second  rates  of  turn  will  te  a 
high  speed  photographic  representation  of  the  visual  scene  taken  from 
the  747-1  on  a  turn  onto  the  runway  from  the  taxiway  on  the  north  end  :* 
the  field.  The  playback  mechanism  will  be  a  variable  speed,  non-f  ;cker 
ing,  Eastman  analyzer  projector.  The  apparatus  in  the  main  experiments 
will  be  two  747  simulators;  the  Conductron  number  one  with  its  current 
visual  system  with  60-cycle  persecond  update  rate  and  the  new  Redifon 
747  simulator  with  the  Compuscene  2000  with  30-cycle  per  second  update 
rate. 

Experimental  Design 


In  Figure  D-l  the  experimental  design  is  represented  as  a  2  <2 
factorial.  The  independent  measures  will  be  the  update  rate  at  30  cycles 
oer  second  and  60  cycles  per  second;  the  dimension  of  soeed  of  turn  at 
three  levels,  5,  10,  and  15  degrees;  two  groups  of  six  oilots  eacn 
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divided  into  groups  A  and  S;  and  within  each  cell,  there  .v ill  be  1C 
trials.  The  dependent  measure  will  be  reproduction  of  speeds  of  torn  in 
the  simulator. 

Observers 


Two  groups  of  six  pilots  each  will  be  drawn  from  the  population  of 
qualified  747  instructors  from  the  Flight  Services  Center  of  the  Boeing 
Commercial  Airplane  Company. 

Procedure 


Two  groups  with  six  pilots  in  each  group  vnll  be  used.  Pilot 
groups  A  and  B  will  be  matched  in  skills.  The  two  groups  should  be 
about  even  in  their  judgments  of  turning  rates  on  the  photographs. 

Group  A  then  will  be  given  work  limits  criteria  training  in  the  747 
simulator  with  the  60  Hz  update  rate.  Each  men  will  make  10  turns  at  5 
degrees  per  second,  another  10  at  10  degrees  and  then  10  at  15  degrees. 
During  this  time  they  will  have  immediate  feedback  as  to  the  rates  of 
turn  on  each  of  the  previous  trials.  Group  B  will  receive  the  same  type 
of  training  on  the  simulator  with  the  30  Hz  update  rate. 

Following  the  training  session  both  groups  will  be  tested  on  the 
same  motion  picture  films  and  asked  to  precisely  reproduce  5,  10  and  15 
degree  per  second  rates  of  turn  from  the  image  of  the  real  world  scene. 
In  this  instance,  they  will  not  be  provided  with  feedback  as  to  how  well 
they  did  on  each  previous  trial.  Since  the  two  simulators  may  differ  as 
to  their  handling  quality,  a  second  posttraining  test  will  be  institu¬ 
ted.  Group  A,  initially  trained  on  the  60  Hz  will  be  re-tested  on  the 
30  Hz  update  rate  visual  system  and  the  different  simulator.  The  reverse 
will  be  true  for  group  B.  In  this  case  there  will  be  no  feedback  as  to 
their  performance  on  each  trial. 

Analysis  of  Results 

The  data  on  the  rates  of  turn  for  both  motion  picture  films  and  for 
the  re-testing  on  the  simulators  will  be  submitted  for  an  analysis  of 
variance  treatment  to  ascertain  the  contribution  that  could  be  expected 
from  chance. 

Conclusions  Recommendations  and  Documentation 


The  expected  results  are  (a)  that  if  30  and  60  Hz  updates  provide 
similar  training  and  transfer  of  this  training,  the  proposed  training 
performance  should  show  no  differences  for  groups  A  and  3;  (b)  if, 
through  incidental  learning,  pilots  acquire  a  skill  that  is  different  on 
the  30  Hz  and  60  Hz  update  rates,  then  non-transfer  of  training  will 
lower  the  performance  on  motion  pictures  for  one  of  the  two  groups; 
some  things  are  learned  on  the  30  Hz  and  not  transferred  to  the  60  Hz  -it 
is  also  expected  that  the  performance  will  differ  between  the  two 
simulators,  but  only  in  one  direction;  (c)  if  the  differential  rates  of 
turn  show  different  oerformances  within  the  two  groups,  then  a  specific 
aspect  at  one  of  the  rates  of  turn  may  be  attributed  to  the  update  rate. 
The  possible  recommendations  will  depend  of  course  on  the  results,  but 
if  the  second  and  third  expected  results  just  mentioned  are  found  to  be 
true,  re-evaluation  of  the  update  rates  on  simulators  currently  being 
built  may  have  to  be  reconsidered.  ,~n 
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APPENDIX  '£ 

EXPERIMENTAL  DESIGN  *3 

THE  EFFECT  OF  OPTICAL  MAGNIFICATION  ON  THE  RUNWAY  PLANE 


The  question  posed  in  reference  to  the  effect  of  optical  magnifica¬ 
tion  on  the  runway  plane  can  be  represented  by  the  following  two  hypothe 
ses : 


Hypothesis  *1:  Optical  magnification  of  the  runway  scene  as 
viewed  at  a  point  on  final  approach  will  produce  errors  in  the  perceived 
slant  angle  of  the  runway  plane  and  will  result  in  biased  estimates  of 
approach  angle/altitude. 

Hypothesis  4 2 :  The  magnitude  of  this  effect  will  vary  under  night 
versus  day  scene  conditions. 

With  the  introduction  of  closed  circuit  TV  systems  and  also  compu¬ 
ter  generated  image  systems  for  flight  simulators,  the  question  of 
whether  the  display  should  reproduce  the  outside  world  on  a  one-to-one 
relationship  or  if  there  should  be  some  magnification  represented  has 
been  a  problem  for  the  designer.  The  work  of  Stan  Roscoe  (1951),  Uni¬ 
versity  of  Illinois,  indicated  that  pilots  flying  light  airplanes  and 
viewing  an  optical  image  of  the  runway  out  ahead  at  the  distance  of  the 
windshield  required  a  magnification  of  this  image  of  1.25:1  to  provide 
equal  skill  to  their  flight  performance  looking  through  a  non-magnifying 
window.  This  ratio  of  1.25:1  is  also  found  for  the  size  constancy 
judgments  of  Sam  Renshaw  and  Associates  (1949)  when  they  were  measuring 
the  matching  of  a  30  cm  square  disc  photographed  from  1  to  6  meters  and 
the  matching  object  was  also  at  near  point.  In  the  current  optical 
systems  which  use  infinity  display,  the  question  as  to  whether  a  1.25:1 
magnification  is  required  or  1:1  has  not  been  definitively  established. 

Since  the  introduction  of  Life  magazine  in  1934,  we  have  been  trea¬ 
ted  to  photographs  taken  with  exceptionally  long  focal  length  lenses, 
and  in  recent  years,  these  have  been  commonplace  within  the  news  media. 
Sporting  events  are  televised  where  zoom  lenses  of  unusually  long  focal 
length  are  available  and  have  become  an  every  day  affair.  Most  everyone 
has  recently  seen  the  modification  of  the  depth  of  objects  and  the 
inter  spaces  between  objects  as  collapsed  by  long  focal  length  lenses. 

No  designer  would  choose  to  use  such  long  focal  length  lenses  in  pre¬ 
senting  visual  scenes  for  flight  crew  training;  however,  even  smaller 
magni fications  might  have  rather  subtle  influences  on  the  perception  of 
the  runway  plane  and  the  relative  distances  between  objects.  It  is 
therefore  proposed  that  we  look  at  the  relative  estimations  of  glide- 
slope  angle  and  distance  from  runway  as  a  function  of  changes  in  magni- 
f ication. 
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Apparatus 

It  is  proposed  that  a  series  of  ohotograons  be  made  of  one  of  the 
no re  Drecise  models  of  runway  scene  by  five  different  focal  lengths  of 
lenses.  Within  each  one  of  the  magnification  categories,  use  five 
different  distances  and  five  different  altitudes  to  make  up  25  photo¬ 
graphs.  In  all  there  would  be  125  photographs  representing  five  magnifi 
cations  within  the  range  from  1:1  to  2:1  and  these  would  be  reproduced 
fcr  bcth  night  and  day  scenes.  The  projection  equipment  would  be  a 
carousel  projector.  The  images  would  be  displayed  on  a  screen  which 
would  be  viewed  by  the  observer  through  a  windshield-like  cutout.  Each 
of  tne  scenes  would  be  displayed  such  that  the  field  of  view  was  con¬ 
stant;  that  is,  the  field  of  view  would  be  30  degrees  vertical  and  40 
degrees  horizontal  and  the  image  size  of  objects  within  the  scene  would 
be  allowed  to  vary  to  maintain  the  field  of  view.  Displayed  on  the  same 
screen,  at  given  intervals  of  time,  would  be  a  comparison  standard 
which  would  represent  a  day  scene  or  a  night  scene  at  a  magnification  at 
an  intermediate  distance  to  all  photographs.  This  will  be  the  magnitude 
estimation  scaling  standard. 

E  xcerl mental  Design 


The  experimental  design  for  this  optical  magnification  study  is 
represented  in  Figure  E-l.  It  is  a  2  x  5  factorial  design  where,  in  each 
cell,  12  pilots  participate.  They  will  have  a  chance  to  look  at  each  of 
the  photographs  twice;  i.e.  two  replications. 

Observers 


Twelve  pilots  from  McChord  Air  Force  Base  will  be  assigned  tempo¬ 
rary  duty.  They  will  not  be  specially  tested  for  general  vision  reouire- 
merts,  but  they  will  be  given  a  special  test  to  estimate  their  size 
constancy  judgments. 


-rocedure 


The  magnitude  estimation  scaling  technique  will  be  used  with  the 
standard  representing  a  3-degree  glideslope,  1:1  magnification,  and  an 
intermediate  distance  for  all  photograpns.  The  standard  will  be  as- 
s’cned  a  unit  value  of  five  and  all  the  other  photographs  will  be  as- 
■igned  values  above  and  below  five.  Using  values  1  through  10,  the 
-..jcjects  will  be  asked  to  estimate  the  representative  distance  to  the 
’•or  way  threshold  from  the  viewpoint  as  they  are  seeing  it  and,  also  on  a 
scale  of  1  through  10,  whether  they  are  above  or  below  the  conventional 
3  degree  glideslope.  Each  of  the  observers  will  have  four  presentation 
-.^-.sions;  two  for  day  scenes  and  two  for  night.  They  will  see  125 
. -mentations  and  make  the  estimates  of  the  two  values  of  distance  and 
:'ieslope  for  each.  Each  photograph  will  be  presented  ‘or  about  3 
:r is  and  the  intertrial  interval  will  be  approximately  3  seconds. 

*ne  experimenter  will  indicate  the  numerical  response  and  will  be  backed 
c /  a  tape  recorder  in  case  a  response  is  missed. 
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Analysis  of  Results 

The  conventional  techniques  of  recording  magnitude  estimation 
scaling  will  be  used  and  statistical  treatments  will  be  applied  to 
ascertain  whether  the  magnitudes  of  the  differences  in  estimates  could 
be  attributed  to  chance. 

Conclusions,  Recommendations  and  Documentation 


If  the  results  indicate  that  the  perceived  slant  of  the  runway 
plane  is  altered  by  magnification  resulting  in  underestimation  of  the 
distance  to  the  runway,  the  data  should  provide  (a)  magnification  limits 
beyond  which  pilot  performance  should  be  expected  to  change;  (b)  optical 
corrections  that  might  be  used  to  alter  optical  display  designs.  A  com¬ 
plete  report  of  the  study,  the  analysis  of  the  results  and  the  recom¬ 
mendations  will  be  documented. 
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APPENDIX  F 


EXPERIMENTAL  DESIGN  *4 

THE  EFFECTS  OF  ACCOMMODATION/CONVERGENCE  ERRORS 
INTERACTING  WITH  QUALITY  OF  DISPLAYED  IMAGE 


Two  questions  posed  in  reference  to  collimation  mismatch  between 
the  two  eyes  as  it  affects  pilot  performance  and  how  such  errors  inter¬ 
act  with  image  quality  in  visual  displays  are  represented  by  the  follow¬ 
ing  two  hyootheses: 

Hypothesis  =*1:  Collimation  mismatch  between  the  two  eyes  has  an 
effect  upon  pilot  performance  and  comfort. 

Hypothesis  i2\  Collimation  errors  have  an  interaction  with  image 
qualities  found  among  today's  '-isual  displays. 

Collimation  errors  comprising  divergent  rays  produce  visual  discom¬ 
fort  for  many  individuals  (Farrell  5  Booth,  1975).  The  reasons  for  such 
discomfort  are  well  established  in  the  ophthalmological  ,  ODtometric,  and 
behavioral -ootics  literature.  Collimation  errors  with  non-corresponding 
convergent  rays  do  not  produce  the  same  level  of  discomfort  and  most 
individuals  can  tolerate  this  type  of  error.  Performance  on  a  difficult 
visual  task  is  attenuated  when  convergence  and  accommodation  are  not 
matched  (Farrell,  et  al . ,  1970).  Most  physiological  distress  will 
probably  occur  when  accommodation  is  not  matched  with  convergence,  for 
example  if  the  virtual  or  real  image  is  at  less  than  10  meters  but  the 
convergence  is  maintained  at  zero  degrees  or  parallel.  Additional  proba¬ 
bility  of  discomfort  or  disorientation  may  occur  when  a  blurred  image  is 
added  to  the  mismatch  of  convergence  and  accommodation.  Pyle  and  Booth 
(1978)  have  very  recently  shown  that  with  resolution  (image  quality) 
attenuated  for  one  eye  while  the  other  eye  has  a  high  quality  image, 
visual  stereoacuity  is  reduced  more  than  if  both  images  are  of  the  same 
poor  quality  (personal  communication). 

In  many  virtual  image  display  systems  that  use  a  beam  splitter  and 
spherical  mirror  the  design  goal  is  to  present  an  infinity  image.  One 
such  display  has  25  inch  CRTs  hung  above  the  forward  and  side  windows  of 
the  "ai rcraft"and  facing  downward.  Beneath  the  CRT  is  a  beam  splitter 
that  reflects  the  rays  forward  into  a  spherical  mirror  which  has  a  59.6 
inch  radius  of  curvature.  The  image  is  reflected  through  the  beam 
splitter  to  the  pilot's  eyes,  which  are  47  inches  from  the  CRT  along 
this  folded  path. 

This  infinity  window  has  been  tested  optically  and  no  rays  are 
focused  short  of  10  meters.  Thus  if  the  eye  is  focused  exactly  where  the 
image  is  the  amount  of  accommodation  would  be  0.1  diopter.  If  collima¬ 
tion  is  at  the  design  value  of  zero  degrees,  there  will  be  a  slight 
mismatch  between  accommodation  and  convergence. 

The  question  then  is  whether  a  mismatch  of  convergence  and  accommo¬ 
dation  ooses  a  Droblem  by  attenuating  performance  or  comfort.  Figure 
44  is  from  the  "Design  Handbook  for  Imagery  Interpretation  Equioment" 
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(Farrell  &  Booth,  1975).  The  uDper  figure  on  this  page  indicates  that 
stereoscopic  performance  is  degraded  when  the  viewing  distance  differs 
by  r.ore  than  0.75  diopter  from  a  value  that  matches  the  convergence 
angle. 

In  the  example  described,  the  dioptric  value  is  significantly  less 
than  the  experimental ly  determined  0.75  limit.  Conversion  of  the  0.75 
diopter  tolerance  in  viewing  distance  into  a  2.7  degree  tolerance  in 
convergence,  and  combining  these  into  a  tolerance  zone,  gives  the  lower 
illustration  in  the  figure.  Note  that  tne  example  display  (starred  in 
Figure  44  )  falls  well  within  this  comfort  and  performance  zone.  In 
answer  to  the  question,  it  can  now  be  ascertained  that  the  accommodation- 
convergence  mismatch  probably  does  not  attenuate  performance  nor  cause 
discomfort  for  this  particular  simulator  display. 

In  most  designs  of  infinity  displays,  the  manufacturer  would  not 
permit  errors  of  mirror  curvature  that  would  impose  differential  accommo¬ 
dative  distances  between  the  two  eyes.  However,  when  developing  simula¬ 
tors  for  high  speed  combat  aircraft,  the  interactions  of  an  operational 
windshield  and  the  external  scene  display  may  become  significant.  ror 
discussion  purposes  only,  consider  the  F- 111  windscreen,  with  its  more 
than  60  degree  angle  of  incidence  and  compound  curve.  In  some  of  these 
windows  a  magni fication  difference  of  27  percent  has  been  measured  in 
the  inspection  process.  Such  a  magnification  could  alter  the  accommoda¬ 
ted  distances  to  one  eye  while  the  other  eye  is  accommodated  to  the 
design  reference  distance.  Prismatic  distortions  could  also  alter 
convergence  distances. 

METHOD 

Five  sets  of  "Defocused  Series"  of  the  CLST  would  be  used  to  repre¬ 
sent  five  levels  of  image  quality  in  scene  generators.  The  range  of 
resolutions,  or  first  independent  variable,  would  extend  from  0.4  to  9 
arc  minutes  of  visual  resolution.  This  is  a  range  from  "just  slightly 
better  than  the  eye  can  resolve"  to  almost  the  equivalent  of  "clinically 
blind."  This  range  includes  three  steps  that  are  possible  with  current 
simulators  and  two  steps  approximating  the  ideal. 

The  second  independent  variable  will  be  accommodative  differences 
between  the  eyes.  One  or  the  other  eye  will  always  have  accommodation 
at  a  10  meter  distance  and  the  other  eye  will  have  an  image  at  10,  4,  2, 

1  or  .5  meter.  Convergence  will  be  kept  at  zero  degrees. 

Apparatus 


These  five  sets  of  eight  pairs  each  of  stereoscopic  slides  would  be 
shown  to  eight  observers  in  the  long  focal  length  Badal  Ootometer.  This 
instrument  can  be  very  precisely  set  as  to  accommodation  and  conver¬ 
gence.  The  instrument's  unique  feature  is  that  the  same  retinal  image 
size  can  be  maintained  while  changing  the  accommodative  distance  from  0 
to  -.'.I  diopters  or  oo  to  44  centimeters. 
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Experimental  Design 


Figure  F-l  depicts  the  basic  design  for  the  main  investigation  of 
the  effect  of  collimation  error  on  visual  performance.  The  design  is  a 
5x5  factorial  with  the  following  two  indeoendent  variables: 

1.  Five  resolutions  with  values  of  .4,  1.3,  2.9,  5.0  and  9.0  arc 
minutes. 

2.  Accommodation  difference  between  the  two  eyes,  measured  in  both 
diopters  and  in  distance,  or  meters.  The  dioDter  levels  are  0.0, 
.15,  .4,  .9,  and  1.9  for  one  eye  while  the  other  remains  at  0.0 
diopters  accommodation. 


Observers 


Eight  observers  will  be  selected,  on  the  basis  of  an  examination  of 
visual  skills,  to  serve  as  test  subjects.  These  observers  will  have  a 
visual  acuity  skill  of  at  least  20/25  (0.3  decimal  equivalent)  uncorrec¬ 
ted  with  differential  acuity  between  the  two  eyes  less  than  0.1  decimal 
equivalency,  and  a  stereo  acuity  skill  of  at  least  13  arc  seconds  (50 
percent  threshold),  as  determined  by  the  CLST.  The  observers  shall  have 
measurable  natural  aniseikonia  of  less  than  .2  percent  in  any  meridian 
and  phorias  at  far  DOint  no  greater  than  .25  diopter  vertical  and  1.5 
diopters  disassociated  lateral. 

Procedure 


The  procedure  would  be  to  select  eight  observers  for  their  visual 
skills  including  a  stereoacuity  of  at  least  13  arc  seconds.  (This 
matches  the  mean  of  our  sample  of  USAF  C-141  pilots  as  to  this  skill  on 
the  CLST  test.)  They  will  be  given  one  Dair  of  stereo  slides  under  each 
cell  of  the  diagram  given  in  Figure  F-l.  Each  pair  requires  eight  judg¬ 
ments  per  slide  pair.  Therefore,  each  cell  will  receive  64  judgments 
from  the  eight  observers.  The  task  will  be  to  select  the  stereoscoDic 
disc  from  a  line  of  10  that  appears  nearest  the  observer's  eyes.  The  ob¬ 
server  will  be  instructed  that  the  end  disc  in  each  line  is  an  anchor, 
so  the  choice  is  one  out  of  eight.  The  whole  matrix  is  a  10  x  10  arrange¬ 
ment  of  discs  in  rows  or  columns.  Four  sizes  and  four  brightnesses  are 
confusion  dimensions  that  must  be  disregarded  in  selecting  the  one  disc 
with  relative  disparity. 

Analysis  of  Results 

When  data  collection  is  complete,  the  data  will  be  transferred  to 
punched  cards  and  analyzed.  The  data  can  be  reported  in  number  of  correct 
responses,  errors,  types  of  errors,  etc.  and  also  by  a  cubic  equation  into 
threshold  units  directly  comparable  to  the  USAF  vision  tester  or  the 
Verhoeff  test  used  by  School  of  Aviation  Medicine.  The  statistics  utilized 
will  be  analysis  of  variance.  Student's  t's  or  non-parametri c  tests. 


DEPENDENT  MEASURES 

TOTAL  CORRECT  RESPONSES 
STEREOSCOPIC  THRESHOLDS 


TASK 

STEREOSCOPIC  DISCRIMINATION 


Figure  F- 


Experimental  design  for  hypothetical  study  no.  1: 
Interaction  between  collimation  errors  and  image 
quality  (resolution). 


Conclusions,  Recommendations  and  Documentation 

It  is  anticioated  that  with  the  increased  difference  in  the  collima- 
tion  distance,  the  stereoscooic  performance  of  the  observers  will  be 
measurably  decreased.  The  rate  of  attenuation  of  performance  will  be 
more  raDid  with  each  level  of  poorer  image  quality.  Discomfort  in  terms 
of  selected  comments,  complaints  of  ’’eye  strain,"  and  for  some  dizziness 
and  near  nausea,  will  parallel  visual  performance. 

It  is  believed  that  a  description  of  performance  and  comfort 
envelopes  for  each  image  quality  can  be  made  wherein  collimation  errors 
snould  not  be  allowed  to  occur  in  simulation.  Such  data  may  also  be 
translated  into  windscreen  design  parameters. 
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APDENDIX  G 


EXPERIMENTAL  DESIGN  -5 

DETECTION  OF  ROTATION  IN  A  SCENE  INSERT  AS  A  FUNCTION 
OF  INSERT  SIZE,  RASTER-LINE  DENSITY,  AND  SCENE  COMPLEXITY 


The  auestions  raised  in  regard  to  the  detection  of  miss I  in Trent 
a  scene  insert  are  represented  by  the  following  hyootheses: 

Hyoo thesis  Jl:  The  size  of  the  scene  insert  I  ■  nave  a  orooorv' era ' 
effect  noon  the  ability  of  the  observer  to  detect  rotations’  misa’ i or-ent 
of  the  insert. 

Hyoothesis  =1\  Increasing  the  raster-line  density  ratio  between  tne 
insert  and  the  surrounding  scene  will  lower  the  detection  threshold  for 
rotational  misalignment  of  the  insert. 

Hypothesis  *3:  More  complex  scenes,  oarticularly  where  there  are 
more  "straight  lines"  in  the  scene,  will  make  rotational  misalignment 
of  the  insert  easier  to  detect. 

One  of  the  goals  of  visual  flight  simulation  design  is  to  Drcduce 
a  display  system  which  can  take  full  advantage  of  CGI  signals,  orovide 
adequate  luminous  intensity,  realistic  scene  movement  and  velocities, 
large  field  of  view,  and  an  area  of  interest  or  target-associ ated  in¬ 
sert  with  high  resolution.  One  of  the  major  oroblems  is  in  placing, 
stabilizing,  and  matching  this  area  of  interest  or  target  insert  to  the 
surrounding  scene  such  that  the  high  resolution  image  is  provided  with 
minimal  scene  distortion,  misalignment,  or  intrusiveness.  Since  line 
scan  imagery  is  one  of  the  current  display  techniques,  raster  line  den¬ 
sity  will  be  one  of  the  recognizable  differences  between  the  insert  and 
peripheral  portions  of  the  display.  Di scrimi nation ,  by  the  raster  line 
density,  of  any  misalignment  may  decrease  as  scene  complexity  increases. 

The  problem  of  this  study  will  be  to  determine  the  just  notice¬ 
able  rotation  of  an  insert  as  a  function  of  (a)  the  size  of  the  central 
insert,  (b)  the  comparative  number  of  raster  lines  between  insert  and 
perioheral  field,  and  (c)  the  complexity  of  the  scene. 


METHOD 


Apparatus 

For  this  study,  three  types  of  CGI  scenes  will  be  used,  represen- 
ting  different  levels  of  scene  complexity:  on  the  runway,  greund-to-ai 
and  approach  to  runway.  These  scenes  will  be  photographed  from  the 
pilot's  eye  ooint  in  the  Boeing  747  Flight  Training  Simulator  witn  a 
Crown  GraDhic  camera,  having  a  A  x  5  inch  film  size.  The  4x5  inch 
transposi ti ves  will  then  be  used  to  produce  35-mm  slides  with  tne  ro¬ 
tated  insert  and  raster  densities  built  into  them. 
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A  total  of  130  35-mm  slides  will  be  made  to  represent  four  levels  of 
raster  density  ratios,  three  levels  of  ;rsert  size,  and  three  levels  of 
scene  complexity.  cive  levels  of  insert  will  also  be  built  into  the 
si  ides . 

3asically,  each  slide  will  be  developed  using  a  double  exposure 
technique,  one  exposure  for  the  surround  and  a  second  exposure  for  the 
insert  scene.  In  between  the  exposures,  the  rotation  will  be  put  in 
using  precise  positions  with  .002  mm  accuracy  on  a  large  Mann  Compara¬ 
tor,  upon  which  the  4x5  transposi tives  and  the  35-mm  camera  will  be 
mounted.  Registration  pins  on  a  glass  plate  will  be  used  for  location 
accuracy  and  pairs  of  masks  precisely  cut  on  a  Coordi natograoh  and  re¬ 
duced  down  onto  Kodalith  film  will  be  used  for  scene  masking  and  the 
raster  grid.  These  slides  will  be  presented  to  the  oilot/observers  using 
a  random  access  projector  and  a  rear  projection  screen. 

Experimental  Design 

For  this  study,  it  is  proposed  to  use  3,  6,  and  12  degrees  (at  the 
eye)  as  sizes  for  square-shaped  inserts  which  will  be  located  in  the  cen¬ 
ter  of  a  43  horizontal  x  28  degree  vertical  field  of  view. 

Likewise,  it  is  proposed  that  the  rotational  misalignment  levels  for 
the  insert  oortion  of  the  scene  (the  insert  frame  itself  will  not  be  ro¬ 
tated)  be  selected  at  0,  .25,  .50,  1.0,  and  2.0  degrees,  measured  as  ro¬ 
tation  around  the  center  of  the  scene. 

For  the  different  raster  line  densities,  a  slightly  defocused  square 
wave  line  grid  with  a  2  to  1  line  width  to  space  width  ratio  will  be  super¬ 
imposed  on  the  insert  and  surrounding  scene  at  four  levels  of  spatial  fre¬ 
quency  ratios:  0,  9:9,  9:3,  and  9:1.  In  the  first,  no  line  grid  will  be 
used  for  either  the  insert  or  the  surround.  For  the  other  three  ratio  levels 
the  insert  will  have  a  grid  spatial  frequency  of  60  cycles  per  degree  (one 
line  pair  subtends  1  arc  minute).  The  surrounding  scene  will  have  grid  spa¬ 
tial  frequencies  of  60,  20,  and  6.67  cycles  oer  deqree  vertical  field.  The 
experimental  design  is  shown  in  Figure  3-1. 

Observers 


Sixteen  pilots  from  McChord  Air  Force  Base  will  be  selected,  after  an 
examination  of  visual  skills,  to  serve  as  test  subjects.  These  oilot/ob- 
servers  will  have  a  visual  acuity  skill  of  at  least  20/20  corrected. 

Procedure 


The  180  slides  comprising  the  stimulus  material  will  be  randomly  ar¬ 
ranged  in  slide  trays  for  presentation  on  a  rear  screen  projector.  The 
oilot/observers  will  be  seated  at  a  distance  of  28  inches  from  the  screen 
and  the  projector  will  be  situated  such  that  the  scene  field  of  view  pro¬ 
vided  the  observer  will  cover  42  degrees  horizontal  and  28  decrees  verti¬ 
cal  . 


Each  of  the  16  observers  will  see  all  130  slides.  Their  task  will 
be  to  determine  if  the  insert  appears  to  be  rotated  relative  to  the  oeri- 
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IMStRT  SI2E  (DEGREES) 


Figure  G- 


Experimental  design  for  study  of  effects  of  insert  size, 
scene  complexity  and  raster  density  ratio  on  the  detection 
of  insert  scene  rotation. 
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pheral  portions  of  the  scene,  and  if  so,  in  which  direction.  The  re- 
soonses  required  will  be  of  three  category  forced  choice  specification 
(aligned,  rotated  clockwise,  rotated  counterclockwise).  A  short  set  of 
training  slides  will  be  given  each  observer  prior  to  testing. 

Analysis  of  Results 

When  data  collection  is  complete,  they  will  be  transferred  to  pun¬ 
ched  cards  for  computer  analysis.  The  data  can  be  reported  in  number  or 
percent  responses,  errors,  types  of  errors,  etc.  and  also  converted  into 
threshold  units.  The  statistics  utilized  will  be  analysis  of  variance 
and  appropriate  range  of  correlation  tests. 

A  quantitative  value  for  a  just  not  noticeable  rotation  of  the  in¬ 
sert  scene  will  be  established.  Whether  the  imposed  raster  density  of 
the  peripheral  field  (realtive  to  field  of  view)  alters  the  just  not 
noticeable  threshold  will  be  ascertained.  The  50  percei  t  and  95  percent 
detection  thresholds  will  also  be  calculated.  In  addit.on,  whether  the 
3,  6,  or  12  degree  central  insert  size  results  in  greater  or  less  dis¬ 
crimination  and  whether  a  more  complex  scene  influences  this  discrimina¬ 
tion  will  also  be  determined. 

Conclusions,  Recoirmendations  and  Documentation 


If  the  6  or  12  degree  field  of  view  for  an  insert  does  not  alter 
discrimination  of  rotation  mismatch  the  smaller  field  of  view  may  be 
used  when  higher  resolution  is  desired  for  a  central  insert.  How  wide 
a  field  of  view  may  be  used  for  the  surround  before  the  line  scan  sizes 
become  too  large  and  force  an  easy  discrimination  of  the  insert  may  also 
be  established.  The  detection  thresholds  will  help  establish  how  much 
misalignment  or  rotation  of  the  insert  can  be  tolerated  before  affecting 
detection  of  the  insert  border. 
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EXPERIMENTAL  DESIGN  =6 

THE  EFFECTS  OF  SCENE  COMPLEXITY  AND  SEPARATION 
ON  THE  DETECTION  OF  SCENE  MISALIGNMENT 


Two  questions  posed  in  reference  to  the  effects  of  scene  complexity 
and  separation  on  the  detection  of  scene  misalignment  are  represented  Dy 
the  following  two  hypotheses: 

Hypothesis  -1:  The  tolerance  for  scene  r,i sal ignment  increased  with 
the  width  of  the  joint  or  separation  between  two  displays. 

Hypothesis  -2:  This  tolerance  will  vary  with  the  dimension  of 
scene  complexity. 

Scenes  may  be  divided  into  any  number  of  separate  windows  in  air¬ 
craft  simulators.  As  an  example,  the  747  simulator  at  the  Boeing  rlight 
Crew  Training  Center  has  six  displays.  The  directly  forward  scene  is 
provided  to  the  Captain  and  First  Officer  from  a  single  channel  of  the 
image  generator.  Two  forward  oblique  displays  increase  the  field  of 
view  for  each  pilot,  and  in  addition,  there  is  a  right  and  a  left  side 
window.  Each  of  the  last  four  requires  a  separate  video  channel.  Sepa¬ 
rations  between  these  displays  vary  from  3  arc  minutes  to  about  20 
degrees.  Differences  in  scene  misalignment  across  the  3  arc  minute 
"joint"  are  the  subject  of  pilot's  complaints  but  are  often  smaller  than 
objectionable  misalignments  which  exist  across  the  20  degree  separation. 
Acceptable  matches  in  color  take  three  times  longer  to  achieve  across 
the  3  arc  minute  gap  because  smaller  differences  are  more  easily  recogni¬ 
zed  by  the  maintenance  personnel. 

This  experiment  is  designed  to  provide  some  threshold  measures  for 
detection  of  scene  misalignments  with  (a)  rotation  centered  around  the 
middle  of  the  picture  with  the  fulcrum  at  the  right  side  of  the  left 
picture  (at  a  disDlay  joint),  (b)  vertical  displacement  of  whole  scene, 
(c)  display  joints  of  various  widths,  and  (d)  scenes  with  different 
levels  of  comolexity. 


METHOD 


Apparatus 


An  approach  scene  to  3oeing  International  Field  (heading  13)  will 
be  made  on  4  ,<  5  inch  color  transpositives  from  tne  pilot's  eye  position 
in  the  747  flight  simulators  with  the  G.E.  Compuscene  CGI  visual  system. 
Similarly,  photograohs  will  be  taken  of  the  CGI  scene  with  the  aircraft 
sitting  on  the  runway  and  as  though  it  were  viewed  from  the  ground  at 
the  same  altitude  and  distance  as  in  the  approach  scene. 

The  three  4x5  ’Inch  photographs  will  be  reohotographed  onto  35-mm 
slides  with  a  vertical  strip  of  blackness  separating  left  and  right 
portions  of  the  scene  to  make  up  a  series  of  slides. 
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In  each  slide,  the  left  hand  scene  (16  degrees  of  the  total  tv 
degree  horizontal  field)  will  be  either  rotated  cr  disolaced  to  o^otuce 
misalignment  at  the  joint.  Four  levels  of  rotation  will  be  used,  arc 
likewide,  when  di sol acements  are  present,  four  levels  will  be  cuilt  ' n t 
the  35-™  slides. 

These  slides  will  be  projected  by  a  digitally  accessed  projector  o 
a  rear  projection  screen  set  at  an  appropriate  distance  to  provice  the 
observer  with  a  42  x  28  degree  field  of  view. 

Experimental  Design 

Figure  H-l  depicts  the  basic  design  for  the  main  investigatin': 
the  effect  of  scene  complexity  and  separation  on  the  detection  of  scene 
misalignment.  The  design  is  basically  a  "double"  3x4x5  factcria' 
with  the  following  three  independent  variables: 

1.  Amount  of  scene  complexity  -  three  levels  which  include  a 
"runway"  scene,  an  "approach  to  runway"  scene,  and  a  cn-jrc 
to  air"  scene.  The  dependent  variables  is  a  number  c*  -is- 
alignment  detections  recorded  as  the  number  of  correct  •'ecc 
nitions  of  the  type  of  misalignment  (displacement  or  rs:av 

2.  Amount  of  scene  misalignment  (either  displacement  or  rptat 
with  rotations  to  be  0,  .5,  1.0,  and  2.0  degrees  from  center 
joint.  Likewise,  four  levels  of  displacement  will  be  use:: 
14.1,  42.3,  and  84.6  arc  seconds  of  visual  angle. 

3.  Width  of  display  joint  -  five  levels  will  be  used:  .125,  .25, 
.50,  1.0  and  2.0  degrees  of  visual  angle  as  viewed  by  tne  co- 
server. 


Observers 


Sixteen  pilots  from  McChord  Air  Force  Base  will  be  selected  to 
serve  as  observers  in  the  experiment.  They  will  be  screened  tor  verti¬ 
cal  and  lateral  phoria,  and  have  a  visual  acuity  of  at  least  2C/2C 
corrected. 

Procedure 


The  slides  will  be  presented  for  3  seconds  followed  by  a  5  second 
dark  interval  for  a  response.  Each  observer  will  judge  (a)  whether  a 
misalignment  exists,  and  (b)  the  kind  of  misalignment  seen.  The  obser¬ 
ver  will  be  shown  each  slide  once  in  a  prearranged  random  order  wire” 
will  be  counterbalanced  across  subjects.  Each  observer  will  see  128 
slides,  with  a  short  set  of  training  slides  to  precede  the  test  session 

Analysis  of  Results 

The  data  will  be  treated  statistically  with  analysis  of  variance, 
and  Duncan's  Multiple  range  test,  along  with  calculations  of  various  de 
tection  thresholds.  The  results  and  interpretation  will  be  included  in 
a  report  of  all  phases  of  the  study. 
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SCENES 


RMIL4I  IllIRfKHMU 


Figure  H- 


Experimental  design  for  study  of  the  effects  of  display  joint 
width  and  scene  complexity  on  the  detection  of  scene  misalign¬ 
ment  (rotation  or  displacement). 
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Conclusions,  Recomnendati ons  and  Documentation 

The  threshold  for  discrimination  of  misalignment  across  a  display 
joint  should  be  provided  by  these  data.  It  is  expected  that  this  threshold 
should  rise  as  the  width  of  the  separation  (joint)  increases.  This  would 
indicate  greater  tolerance  for  misalignment  the  larger  the  separation  of 
displays.  It  is  likely  that  straight  lines  in  imagery  will  maximize 
discrimination  of  misalignment. 

Preliminary  quantitative  standards  should  be  established  for  soeci- 
fictions  on  scene  alignments  across  disparity  joints. 


APPENDIX  I 


EXPERIMENTAL  DESIGN  *7 
ABSOLUTE  BRIGHTNESS  LEVELS  IN  SIMULATORS 


The  single  question  posed  in  reference  to  the  effects  of  absolute 
brightness  levels  in  simulators  on  pilot  performance  can  be  represented 
by  the  following  hypothesis. 

Hypothesis:  The  absolute  brightness  level  in  a  simulator  will 

affect  pilot  oerformance  in  the  areas  of  training,  rate  of  learning, 
reaction  time,  comfort,  orientation,  etc. 

Luminance  levels  in  the  medium  and  high  photopic  range  are  diffi¬ 
cult  to  achieve  in  simulator  external  visual  scenes.  Two  current  full 
color,  day-dawn-night,  raster,  computer  generated  image  systems  have 
6.05  and  2.5  fL  as  central  screen  luminances  when  viewed  from  the  pi¬ 
lot's  eye  reference  point.  In  Figure  7-1,  the  abscissa  is  in  foot 
Lamberts  running  from  .06,  such  as  with  snow  in  full  moonlight  (rod  and 
cone  vision  or  mesopic  range)  to  IQ4,  such  as  with  fresh  snow  on  a  clear 
day  (cone  vision  only).'  The  eleven  references  used  are  the  best  of  150 
studies  on  luminance  and  performance.  These  are  excellent  investiga¬ 
tions  with  good  experimental  designs,  controls,  statistics  and  pub¬ 
lications.  The  data  contained  in  these  reports  are  deemed  very  useful 
in  this  proposed  investigation. 

The  two  vertical  lines  are  nearly  representative  of  the  range  of 
the  day-dawn-night  scene  generators  mentioned  above.  Another  class  of 
scene  generators  are  night  scenes  with  some  low  level  luminances  of 
surfaces.  This  second  group  generally  range  in  the  0.2  to  0.4  foot 
Lambert  luminance  levels.  The  small  dashed  vertical  lines  on  the  left 
bracket  this  range.  The  luminances  in  the  projection  dome  systems  may 
define  yet  a  third  level. 

A  very  recent  development  is  a  night  only,  stroke  writer  system 
fitted  with  a  three  color  cathode  ray  tube.  This  development,  in  ad¬ 
dition  to  oroviding  blue  within  the  night  scenes,  may  provide  luminous 
intensity  levels  equal  to  or  above  the  raster  type  day,  dusk,  and  night 
full  color  systems.  Single  flashing  lights  do  have  much  greater  in¬ 
tensities  without  increasing  the  size  by  software  control  of  the  area. 

A  fourth  level  of  intensities  may  soon  be  available  in  this  develop¬ 
ment. 


In  comparing  the  day-dusk-night  systems  with  the  night  only  plus 
surface  systems  as  to  luminances,  only  the  former  reach  the  cone  vision 
only  levels  like  the  real-world,  day  vision  luminances.  For  the  pur¬ 
chaser  of  such  systems,  this  higher  luminance  comes  at  a  price  nearly 
five  times  greater  than  the  night  only  plus  surface  systems. 

The  literature  on  visual  phenomena  shows  that  changes  in  pupil 
size,  changes  in  contrast  threshold,  shifts  in  accommodation,  age  and 
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luminance  interactions,  changes  in  color  perception,  and  many  other 
physiological  and  behavioral  changes  occur  within  this  range.  In  Figure 
I  - 1 ,  the  horizontal  lines  show,  by  their  extent,  the  luminous  intensity 
range  included  by  these  investigators  in  their  study.  Within  the  bra¬ 
ckets  behind  the  investigator's  name  are  designators  of  the  principal 
dependent  measure  that  was  investigated;  i.e.,  MTF  refers  to  modulation 
transfer  function.  However,  there  are  no  data  to  show  that  pilot  per¬ 
formance  in  the  simulator,  the  learning  rate,  or  the  transfer  of  train¬ 
ing  are  modulated  by  luminance  levels. 

This  experiment  is  designed  to  obtain  some  preliminary  data  on  the 
influence  of  absolute  luminance  level  on  pilot  performance  and  any 
indication  of  fatigue,  eye  strain,  discomfort,  or  kinetosis. 


METHOD 

Apparatus 


The  707  simulator  at  Boeing  Commercial  Airplane  Company  will  be 
rented  as  the  vehicle.  This  will  be  rented  with  the  visual  system  and 
an  instructor  pilot  but  no  other  crewmembers.  The  availability  of  this 
simulator  is  greater  than  for  the  remaining  simulators.  This  is  the 
reason  for  its  choice;  however,  this  brings  with  it  the  disadvantage 
that  the  line  printer  cannot  be  used  with  its  host  computer  due  to 
limitations  of  its  drum  memory.  This  eliminates  quantitative  readouts 
of  flight  parameters  such  as  have  been  used  in  previous  studies. 

The  visual  system  will  be  used  in  the  "day"  mode  and  three  dif¬ 
ferent  data  bases  will  be  used  as  a  means  for  combating  boredom  and 
basic  color  effects.  The  flying  task  will  be  aporoach  and  landings  from 
offset  origins  with  variable  crosswinds.  To  require  dependence  on  the 
visual  scenes,  the  pilots  will  be  asked  to  fly  without  altimetry,  verti¬ 
cal  speed  indication,  or  glideslope  indication. 

The  Compuscene  will  be  set  to  give  a  control  luminance  of  6  foot- 
Lamberts.  Three  pairs  of  soft-sided,  wide  field,  and  ventilated  goggles 
will  be  fitted  with  neutral  density  filters:  each  pair  with  a  different 
density,  0.0,  1.0,  and  2.0.  These  should  provide  absolute  luminance 
levels  of  6.0,  0.6  and  .06  foot-Lamberts.  These  levels  are  designated 
by  the  triangles  in  Figure  1-1  just  below  the  abcissa. 

Experimental  Design 

Figure  1-2  depicts  the  basic  design  for  the  investigating  of  the 
effect  of  absolute  brightness  on  pilot  performance  and  comfort.  The 
design  is  a  treatment  by  subjects  design  with  the  single  independent 
variable  of  absolute  luminance  at  the  levels  of  6.0,  5.6  and  0.06  foot 
Lamberts. 

The  dependent  variable  will  be  the  measures  of:  instructor  pilot 
ratings,  frequency  and  content  of  pilot  commands  on  conditions  such  as 
stress  and  visual  discomfort,  reaction  time  to  failures,  and  loss  of 
orientation  or  kinetosis. 
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Illumination  levels  at  which  visual  performance  was  measured. 


Observers 


For  this  preliminary  study  two  pilots  will  serve  as  observers. 
Preferably  USAF  pilots  from  McChord  v.ill  be  used.  The  requirement  would 
be  a  full  day  and  2  half-days  of  temporary  duty  each.  The  full  day  would 
include  some  special  visual  tests  in  the  half-day  when  they  were  not 
flying  the  simulator. 

Procedure 


The  experimental  runs  will  follow  the  diagram  of  Figure  1-2.  Eacn 
pilot  will  participate  in  each  cell.  Each  cell  will  be  a  flight  session 
of  4-hour  duration  without  a  rest.  Standardized  airborne  failures  will 
be  instituted  to  measure  reaction  time  and/or  vigilance. 

The  effects  of  three  levels  of  display  brightness  4-hour  flight 
times  encountered  in  simulators  will  be  assessed  by  reports  of  eye 
strain,  fatigue,  stress,  and  pilot  preference.  In  addition,  measurement 
of  reaction  time  to  displayed  information  such  as  an  oil  pressure  drop 
in  engine  will  be  taken. 

Analysis  of  Results 

Since  eye  strain,  fatigue,  and  stress  do  not  have  objective  mea¬ 
sures,  subjective  measures  will  be  frequency  of  complaints,  recording  o' 
all  comments,  and  responses  to  verbal  questions  from  a  standard  set  used 
under  each  condition.  An  instructor  pilot  will  be  scaling  the  perfor¬ 
mance  of  flight  maneuvers.  Reaction  times  will  be  by  stop  watch  from 
insertion  of  failure  until  pilot  response. 

Conclusions,  Recommendations  and  Documentation 


The  performance  of  the  pilots  should  show  a  higher  frequency  of 
omissions  and  small  deviations  in  the  flightpaths  for  at  least  the 
lowest  luminance  level.  Instructor  ratings  should  show  a  falloff  in 
performance  as  a  function  of  time  for  the  lower  luminances.  The  fre¬ 
quency  of  complaints,  comments  about  the  wind,  and  failure  deviations 
should  follow  the  loss  of  performance.  Some  comments  about  loss  of 
image  quality  may  reflect  accommodation  spasms.  Some  discrimination  of 
differences  in  colors  among  the  fields  should  occur  and  possibly  be 
reflected  in  performance  variations.  Eye  strain,  fatigue  comments,  and 
irritability  may  show  up.  It  is  doubtful  that  rated  and  current  pilots 
will  experience  any  motion  sickness  or  disorientation. 

If  two  pilots,  which  is  an  insufficient  sample,  show  a  trend  that 
indicates  that  the  experiment  is  sensitive  enough  to  pick  up  differences, 
reallocation  of  funds  or  additional  funding  may  be  warranted  to  increase 
the  pilot  copulation  from  two  to  eight. 


Dependent  Measures 
IP  ratings 

Frequency  and  content 
of  comments  on  conditions 
Reaction  time  to  failures 
Comments  of  stress,  visual 
discomfort,  loss  of  orien¬ 
tation  or  kinetosis. 


Task 

Repeated  approach  and  landings 
on  3  different  data  bases,  cross 
winds  and  scheduled  failures,  no 
altimetry,  vertical  speed  indi¬ 
cation  or  glide  slope.  Continuous 
activity  for  four  hours. 


Figure  1-2.  Experimental  design  for  hypothetical  study  no.  7. 

Absolute  luminance  level  and  performance  in  a  simulator. 
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